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TECHNIQUE FOR CHARACTERIZING SPRAY GENERATED BY ULTRASONIC
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GREHAN, Ph.D., 238 pp. ISBN: 974-53-2416-7.

The energy crisis leads to the increasing demand of other alternative fuel instead of petrol.
Among others, many attentions are dedicated to biodiesel which can be synthesized from many
different plants. For Thailand, the interest is focused on palm oil and Jatropha. As a key issue to
optimize the energy extraction and to reduce the pollutant formation from liquid fuel combustion, it is
essential to control heat up and evaporation of fuel droplets. However, it has not been yet
systematically studied.

In order to obtain good engineering design of stable spray combustors, it is essential to
develop a complete understanding of the fundamental phenomena of droplets that influence and
control the overall combustion process. Also it would be advantageous to measure the fuel droplet
temperature. Therefore, the objective of this work is to develop a novel global rainbow technique to
determine the droplet temperature and size distribution in a free spray before and during combustion.
The spray taken into account is generated by ultrasonic nozzles which could provide a relatively
small mono-disperse droplets with low velocities. Rainbow and global rainbow techniques are
developed based on measurement of absolute angular position of the rainbow angle depending on the
refractive index of droplets, which is in turn affected by droplets temperature and composition. A new
processing concept based on a development of Nussenzveig's theory is introduced to gain
information of the scattered light intensity. This approach could provide accurate results comparable
with Lorenz-Mie’s theory and be also as fast as Airy’s theory.

With this new tool, improvements of rainbow and global rainbow techniques are obtained and
reported in this work. For the measurement of individual droplet, using the classical rainbow
technique, it has been proved that measurement accuracy of 0.01 pm can be obtained for droplet
diameter and of 0.0001 for the refractive index (corresponding to 1°C). Meanwhile, the global
rainbow technique has been developed to measure the temperature of droplet sprays. The developed
global rainbow setup could be employed to record the scattered light in a solid angle of about 30°,
permitting to measure the variation of the refractive index on a large range, corresponding to about an
evolution of 300°C for kerosene.

Finally, the developed global rainbow technique is applied to -measure the temperature of
biodiesel spray created by an ultrasonic nozzle under ambient and combustion conditions. To our
knowledge, measurements of droplets temperature in a pure biodiesel spray flame are successfully
achieved for the first time.
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CHAPTER I

INTRODUCTION

Due to the increase of the petroleum cost, bio-energy is seen as one of the key
options to mitigate greenhouse gas emissions and substitute fossil fuels. For example,
over the past 10-15 years in the European Union, heat and electricity production from
biomass increased with some 2% and 9% per year, respectively, between 1990 and
2000 and bio fuel production increased about eight-fold in the same period. Biomass
contributed some two-third of the total renewable energy production in the European
Union or 4% of the total energy supply in 1999. Given the targets for heat, power and
bio fuels, this contribution may rise to some 10% in 2010 [1].

Biodiesel are fuels derived from vegetable, animal, waste oil, etc. Their life
cycle is court so that this energy source is renewable. Although the use of vegetable
oils in diesel engine was nearly as old as the diesel engine itself, the use of vegetable
oil has not been developed because the petrol and its derivatives was very cheaper.
However, nowadays the conjunction of the increase of petrol prices, the new pollution
norms, the struggle with greenhouse effect, and the fact that bio mass is world width
distributed make biodiesel becomes a promising alternative fuel. In Thailand, the
interest for the use of biodiesel is also important, especially with biodiesel producing
from palm oil or Jatropha curas Linn.

The production processes for biodiesel are well known. There are three basic
routes to biodiesel production from oils and fats:

+ base catalyzed transesterification of the oil;

« direct acid catalyzed transesterification of the oil;

- conversion of the oil to its fatty acids and then to biodiesel.

Most of the biodiesel produced today is done with the base catalyzed reaction
for several reasons:
« it is low temperature and pressure;
« it yields high conversion (98%) with minimal side reactions and reaction
time;
« it is a direct conversion to biodiesel with no intermediate compounds;
» no exotic materials of construction are needed.

The chemical reaction for| base catalyzed biodiesel production is depicted
below. One hundred pounds of fat or o0il (such as soybean oil) are reacted with 10
pounds of a short chain alcohol in the presence of a catalyst to produce 10 pounds of
glycerin and 100 pounds of biodiesel. The short chain alcohol, signified by ROH
(usually methanol, but sometimes ethanol) is charged in excess to assist in quick
conversion. The catalyst is usually sodium or potassium hydroxide that has already
been mixed with the methanol. R', R", and R"™ indicate the fatty acid chains associated
with the oil or fat which are largely palmitic, stearic, oleic, and linoleic acids for
naturally occurring oils and fats.
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Figure 1.1 Biodiesel production process

Figure 1.1 shows an example of a simple biodiesel production flow chart. The base
catalyzed production of biodiesel generally occurs using the following steps:

Mixing of alcohol and catalyst The catalyst is typically sodium hydroxide (caustic
soda) or potassium hydroxide (potash). It is dissolved in the alcohol using a standard

agitator or mixer.

Reaction. The alcohol/catalyst mix is then charged into a closed reaction vessel and
the oil or fat is added. The system from here on is totally closed to the atmosphere to
prevent the loss of alcohol. The reaction mix is kept just above the boiling point of the
alcohol (around 160 °F) to speed up the reaction and the reaction takes place.
Recommended reaction time varies from 1 to 8 hours, and some systems recommend
the reaction takes place at room temperature. Excess alcohol is normally used to
ensure total conversion of the fat or oil to its esters. Care must be taken to monitor the
amount of water and free fatty acids in the incoming oil or fat. If the free fatty acid
level or water level is too high it may cause problems with soap formation and the
separation of the glycerin by-product downstream.
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Separation. Once the reaction is complete, two major products exist: glycerin and
biodiesel. Each has a substantial amount of the excess methanol that was used in the
reaction, The reacted mixture is sometimes neutralized at this step if needed. The
glycerin phase is much denser than biodiesel phase and the two can be gravity
separated with glycerin simply drawn off the bottom of the settling vessel. In some
cases, a centrifuge is used to separate the two materials faster.

Alcohol Removal. Once the glycerin and biodiesel phases have been separated, the
excess alcohol in each phase is removed with a flash evaporation process or by
distillation. In others systems, the alcohol is removed and the mixture neutralized
before the glycerin and esters have been separated. In either case, the alcohol is
recovered using distillation equipment and is re-used. Care must be taken to ensure no
water accumulates in the recovered alcohol stream.

Glycerin Neutralization. The glycerin by-product contains unused catalyst and soaps
that are neutralized with an acid and sent to storage as crude glycerin. In some cases
the salt formed during this phase is recovered for use as fertilizer. In most cases the
salt is lefi in the glycerin. Water and alcohol are removed to produce 80-88% pure
glycerin that is ready to be sold as erude glycerin. In more sophisticated operations,
the glycerin is distilled to 99% or higher purity and sold into the cosmetic and
pharmaceutical markets.

Methyl Ester Wash. Once separated from the glycerin, the biodiesel is sometimes
purified by washing gently with warm water to remove residual catalyst or soaps,
dried, and sent to storage. In some processes this step is unnecessary. This is normally
the end of the production process resulting in a clear amber-yellow liquid with a
viscosity similar to petrodiesel. In some systems the biodiesel is distilled in an
additional step to remove small amounts of color bodies to produce a colorless
biodiesel.

Nevertheless, the biodiesel channel is penalized by a small yield in the oil-
yielding plans farming and by the generation of a by-product: glycerin. As previously
mentioned, the glycerin could be used by cosmetic, pharmaceutics and soap industries
but the market is already saturated. As an increasing of the biodiesel production
imposes an increasing of the glycerin production, new uses of glycerin must be found.

When  produced, to obtain energy, the biodiesel must be burnt. This
combustion necessitates the atomization of the liquid in a fog of droplets: the spray.
Gas turbines, liquid rocket motors, and oil-fired furnaces utilize the spray combustion
of continuously injected liquid fuels while IC engine are based on the spray
combustion of pulsed injected liquid fuel. About the advantages of biodiesel
combustion, the opinions are shared. Oxygen in methyl ester improves the lubrication
of engines and help to have complete combustion. Biodiesel combustion does not
reject SO;, rejects less CO and HC but produces more CO; and NOX. Furthermore,
with pressure injectors as biodiesel viscosity is greater, the injected droplets are
bigger. The combustion characteristics of a spray depend largely on the droplet
diameter. Droplet diameter acts through the droplet inertia effect and the vaporization
effect which depends on the droplet temperature. However, few systematic studies of
droplet diameter effects on the spray combustion have been conducted. To study the
combustion of spray, combustion diagnostics have to be used.



Combustion diagnostics have come a long way from visual inspection of a
flame to detailed analysis of a combustion process with a multitude of sophisticated
techniques, often using lasers. Light, or more generally, electromagnetic radiation, is
the only way to **spy”’ on the fundamentals of combustion inside the chemically
active flame front. Modemn laser based diagnostics permit the study of combustion,
even in the interior of engines, gas turbines, and large-scale combustors. Using
spectroscopic and non-spectroscopic techniques it is now possible to measure gas
phase velocity, pressure, temperature and species concentrations. However, some of
these techniques are so complex that they are unsuitable for applications in actual
spray environments.

In order to be able to design and develop efficient and stable spray
combustors, it is essential that we first develop a complete understanding of the
fundamental phenomena that influence and eontrol the overall spray combustion
process. In this regard, advanced diagnostics are essential not only for studying
fundamental spray combustion processes in ideal laboratory conditions, but also for
probing spray flames.in realistic environments. Significant advances have been made
over the years in the area of laser-based diagnostics for combustion application. In the
area of the fuel droplel characterization, the development of the phase Doppler
interferometers gives the possibility to measure the size and the velocity of individual
droplets. These studies have coniributed to an increased understanding of the
behaviour of droplet dynamics and droplet-gas phase interactions in spray flames and
of the effect of the fuel properties on the structure of the spray flame.

However, in order to gain a better understanding of the droplet heat-up process
in spray flames, it would also be advantageous to measure the fuel droplet
temperature. Another parameter that is of fundamental interest in the study of spray
combustion is the fuel droplet evaporation rate. The study of this parameter is very
important for understanding the complex heat transfer process that occurs in spray
flames. Also, instantaneous droplets regression data obtained in the spray flame can
be used to validate currently available spray combustion model. In spite of these
needs, no instrument is currently available for in situ measurement of fuel droplet
temperature and of fuel droplets regression rate in spray flames.

To overcome this lack of information, rainbow and global rainbow techniques
have been developed. Rainbow and global rainbow techniques are based on the
dependence of the absolute angular rainbow location with the refractive index
therefore the temperature, These techniques have a strong potential but they are still
under development. The main advantage of the rainbow techniques is that no additive
is used (in opposition with fluorescence techniques), the only constraint is that the
product must be transparent. Then rainbow techniques can be used at high
temperature and pressure. The main problems are connected with the inversion
procedure and the obligation to follow the shift of the rainbow induced by the change
of the droplet properties. This last constraint is particularly critical with global
rainbow for combustion studies where the changing of the refractive index can run
from 1.5 to 1.3. Up to now, the published global rainbow configurations are limited to
small angular ranges, inappropriate for combustion studies. In this thesis a large effort
has been dedicated to the development of fast and accurate measurements of size and
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temperature for one particle (classical rainbow refractrometry) and for cloud of
particles (global rainbow refractrometry).

Moreover, in spray combustion, a critical point is the spray atomization. When
using classical nozzles, the created spray is by nature poly-dispersed with large
momentum differences between the small and large droplets. Then, with poly-
dispersed spray, the evaporation study is complex because relatively large droplets
passing through the group flame experience large inertia and longer vaporization time
[2]. If the droplet is too large to heat up sufficiently and to vaporize vigorously even
in a hot region of the flame, the droplet will fly off the group flame without burning.
Then an ultrasonic nozzle, developed from the Chulalongkorn University, will be
used because of its unique potential to create relatively highly mono-dispersed spray
of droplets with the same low velocity.

Such ultrasonic nozzles produce continuously a spray of tiny droplets with a
typical size running from 20 to 80 um, a low initial velocity (less than 1 m/s), and
flow rate of some cc/min. These properties are opposite to the properties of injectors
used in internal combustion engines. where the liquid is injected at very high pressure
(up to 2000 bar) during a very short time (typically 3 ms). These injection conditions
permit not only to create tiny droplets but also, due to the high spray velocity (up to
600 m/s), to realize an appropriate mixing between the liquid vapour and the air to
secure a good combustion. Here a good combustion is defined as one using the less as
possible of fuel and producing the minimum quantity of pollutant for the same
energetic efficiency.

On the contrary, the fact that ultrasonic nozzles produce a continuous mono-
dispersed spray of small droplets is very attractive to develop an experimental set up
where the basic properties of the droplets (without or under combustion) can be
measured more easily than with classical injectors. The main reason of such a study is
that droplet evaporation properties are not yet known, especially for multi-component
products as biodiesel:

Then, this PhD thesis is a contribution to the combustion of biodiesel sprays,
and more particularly of palm oil biodiesel, with the following objective:

1.1. Objective

The wobjective 15 to.develop a global rainbow technique.in order to determine
the droplet temperature and size distribution in a free spray, before and during
combustion. The spray will be created by an ultrasonic nozzle which is able to
produce a relatively mono-dispersed spray. A special attention will be devoted to
palm oil biodiesel sprays.



1.2. Scope

Optical techniques will be developed to accurately characterize sprays
generated by an ultrasonic nozzle. Size distribution as well as temperature will be
measured. PDA and global rainbow refractrometry will be mainly used and adapted in
this work.

The capability of ultrasonic nozzles to atomize biodiesel oil will be
investigated. The following issues will be taken into account.

» Characteristics of the spray such as: diameter and temperature, before and

during combustion.

» Percentage of biodiesel oil in the fuel

1.3. Obtained Benefits

The expected benefits will be an accurate description of the characteristics of
the biodiesel oil spray created by ultrasonic nozzles. Frontier optical techniques for
characterizing sprays will be developed and established in Chulalongkorn University.
Moreover, developed techniques to be discussed in this work could be applied to a
large number of spray configurations for collecting information concerning operating
parameters of atomisation.



CHAPTER 11

ULTRASONIC NOZZLE

Introduction

In the combustion, a liquid fuel must be atomized, transformed into a fog of
droplets. Atomizers are in charge of this transformation. The most common ones are
based on the injection of the liquid to be atomized through a tiny aperture. The liquid
can be injected alone or with air. In all cases the atomization results from the
difference of velocity between the liquid and the air. The difference of velocity
creates instabilities which develop up to the breaking of the liquid in droplets. The
main limitation of this kind of alomizers is to create tiny droplets with a high velocity
of the liquid. Then high injection pressure is necessary and the created spray also
possesses a high velogity. Furthermore, the droplet size distribution obtained is often
large: small and large droplets are simultaneously created which possess very
different combustion properties.

In contrast, an ultrasonic nozzle uses ultrasonic vibration to generate the liquid
atomization. It can produce wery fine droplets with relatively uniform diameter
without requirement of high air compressor or high pressure pump. As ultrasonic
nozzles have unique properties, they have been used in many application fields such
as pharmaceutical industry, paint coaling, spray process, ignition process in a reactor
and semi-conductor production process in a reactor. Complementary, the
particularities of the spray created by an ultrasonic nozzle are adapted to fundamental
studies due to narrow size distribution and low initial velocity, with the opportunity to
adjust velocity and particle concentration.[3, 4, 5]

Here our interest is on the study of spray evaporation which is the key
parameter to improve combustion processes. To perform accurate measurements with
realistic sprays in terms of diameter, the spray much be composed of small droplets
with a narrow size distribution. Then an ultrasonic nozzle has been selected to create a

spray.

This chapter is devoted to the introduction to ultrasonic nozzles. The principle
of an ultrasonic nozzle developed at Chulalongkorn university will be presented in
section one. Section two proposes a correlation, assumed universal, to predict the
particle size created by this kind of nozzle. Section three compiles the results
corresponding to the experimental study of the developed nozzles by using classical
optical techniques such as Phase Doppler Anemometry (PDA), Interferometric Laser
Imaging Droplet Sizing (ILIDS), to measure the size and velocity of droplets.
Temperature measurements by Infra Red camera will also be presented at the end of
the chapter.



2.1 Developed ultrasonic nozzle

An ultrasonic nozzles use piezoelectric ceramic to generate ultrasonic energy
by transforming electrical energy to mechanical energy which could vibrate an
atomising surface. At the resonance frequency, which depends on the geometrical
characteristics of the nozzle, the direction of vibration is perpendicular to the
atomizing surface. When a liquid is introduced on to the atomizing surface, it spreads
and forms a thin liquid film. The liquid film adsorbs a fraction of the vibration energy
creating a unique wave pattern on the surface, known as capillary wave, see figure
2.1(a). When the amplitude of the underlying vibration is increased, the amplitude of
the capillary wave increases correspondingly. Finally, when the critical amplitude is
reached the height of the capillary wave exceeds that required to maintain its stability.
The wave collapses and tiny drops of liquid are ejected from the top of the
degenerating waves A Figure 2.1(b) schematises this process.
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Figure 2.1: (a) Capillary wave grid”. (b) Disintegration mechanism *,

The design of an ultrasonic nozzle and its frequency depend mainly on nozzle
length and on the speed of sound in the material used. Figure 2.2(a) shows an
example of a design of an ultrasonic nozzle concerned in this study. It is an
acoustically resonant device consisting of a pair of piezoelectric ceramic rings
sandwiched between two metal cylinders called a backing piece (1) and a mechanical
transformer (2). The length of each part can be determined by the following equation:

Acﬂ:Cr _ .
TG tan (kl)tan (k) f=] 2 (2.1
where A: = surface area of piezoelectric ceramic;

2= density of a piezoelectric ceramic;

C:= sound velocity in piezoelectric ceramic;
A = surface area of the metal cylinder used;
= density of the metal cylinder used;

C:= sound velocity in the metal cylinder used.

_ S _2xf
k=2l and k= =F




When applying the electrical voltage to piezoelectric ceramic, the ceramic
converts electrical energy to mechanical energy and transfers this energy to the two
ends of the nozzle. The two ends of the nozzle are anti-nodes. The minimal vibrations
(nodes) are located at an electrode and at the location of the transition from the large
to the small diameter. As soon as the frequency of the applied voltage is equal to the
nozzle frequency, which is known as the resonance frequency, the amplitude of
vibration will reach the highest peak at these two ends of the nozzle as illustrated in
figure 2.2(b).

Liquid fube ——
Ebec'.mija_. ) !
L. Atomizing surlace
o N Ll
2 T TS ¢ i
il

Pigzoelecttic cemamic

(a)

Figure 2.2: (a) Scheme of the ultrasonic nozzle. (b) Standing wave pattern in a typical
nozzle.

The highest vibration oceurring at: the end of ‘the backing piece will be
reflected through the transformer and be amplified atomizing surface. The
transforming part has a section of different diameter. The reason why the stem is
smaller in diameter than the rest of the nozzle is that the amplitude of the vibration
produced in the uniform diameter rod is insufficient to provoke atomization.
Incorporating a small diameter stem, an amplified level of vibration in this part of the
nozzle will take place and result in atomization at modest power levels.

Another factor regarding to the design of nozzle concerns the section diameter.
In solids, waves other than longitudinal waves can be excited. In bars or rods, waves
can be produced that travel radially, that is, perpendicular to the normal longitudinal
waves. According to Mason[6] in order to suppress this kind of excitation, it is
necessary to keep all diameters less than A/4.
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The developed ultrasonic nozzle used in this work is illustrated in figure
2.3(a). The piezoelectric ceramic ring of lead zirconate-titanate with 1 cm. in diameter
and 0.2 e¢m. thickness is used. The backing piece made from stainless steel has high
amplification capabilities. Aluminum alloy is used for the transformer part due to its
resistance capacity. The two side faces of piezoelectric ceramic rings are mounted
with an electrical conductive material, silver. To excite the piezoelectric ceramic, a
power supply has been ordered from Spray Tech Company. The power supply
automatically searches for the resonance frequency, depending on the geometrical
characteristics of the nozzle, see figure 2.3(b).

(®)

Figure 2.3: (a) The image of the studied nozzle, (b) Power supply by Spray Tech
Company



2.2 Droplet size prediction

The size of the droplets created by an ultrasonic atomizer depends on many
parameters including the liquid properties and geometry of the atomizer. An accurate
prediction of the size distribution is very difficult but various reseachers have
proposed different correlations. Among others, Rajan and Pundit [7] propose
correlations which take into account the various physico-chemical properties of
liquid, its flow rate, the amplitude and frequency of ultrasound and the area and
geometry of the vibrating surface. According with the physical model used, three
correlations have been proposed by Rajan and Pundit. In this thesis, only the most
general model will be used.

s {;”%Jmﬁ + AWe)\'*(Oh) (1, )"”’*”] (2.2)

where the Weber number is defined as follows involving the flow rate Q and the
ultrasonic excitation frequency f:

we= 1P (2.3)
o

in which p is the liquid density and o its surface tension. The viscosity is taken into
account by the Ohnesorge number, modified to:

Oh = fjizp 2.4)

where 7 is the liguid viscosity and Am the amplitude of sound wave. The geometry
of the vibrating surface and its area determine the intensity of ultrasonic power
delivered. The dimensionless number 7/, takes into account the effect of energy

density on droplet size:
IIAmJ
1, &=
RO
where N is the velocity of sound in liquid medium.

(2.5)

This correlation gives the possibility to quantify the effect of each parameter,
independently of the others. This approach is however difficult with experiments as
the change of product ofien imposes the simultaneously change of several parameters.
Figure 2.4 displays the droplet size predicted by formula 2.2 versus the seven
parameters which can affect it.
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Figure 2.4: Particle diameters versus the different parameters taken into account by
SJormula 2.2.

In figure 2.4 all computations have been carried out for the values of the
parameters corresponding to water. For the following working conditions (f= 54 kHz,
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amplitude = 2.02 um, Q=2.16x 10" m’/s), a diameter equal to 56.43 pm is obtained,
corresponding to the result by Rajan and Pandit. In the series of figure 2.4 only the
parameter under study takes arbitrary values, and for each case, the value
corresponding to water is noted with a red circle.

As some of these parameters are difficult to know accurately enough, it is
interesting to observe that the sound velocity has no effect, that the excitation does not
affect much the size when it is larger than about 2 pm. For this parameter, it is to be
underlined that Rajan and Pandit give a critical value below which the liquid does not
atomize. This critical value is given by:

Amm =(-2—£][1J | (2‘6)
P N\wgf

For water, it is found that the ecritical amplitude is equal to 0.8 pm, in
agreement with authors such as Raco who mentioned that the minimum amplitude is
less than 2 pm for most applications.

The other parameters are easier to be measured, and for biodiesel, the size is
expected not to be too far than the one for water when atomising is successful. These
predictions must now be experimentally validated.
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2.3 Measurement of the spray characteristics

2.3.1 Size and velocity measurement close to the orifice of the nozzle by
PDA

2.3.1.1 The effect of the liquid flow rate

The sensitivity of the droplet diameter with respect to the flow
rate has been studied. An ultrasonic nozzle with frequency of 45.9 kHz is used in this
investigation. The liquid is delivered to the nozzle by a medical syringe pump, giving
the possibility to obtain accurate flow rates in a wide range (between 0.02 and 17
cc/min with a syringe of 100 cc i.e. a ratio equal to about 800 between the smallest
and the largest flow rate). The size and the velocity of the droplets at 5 mm from the
orifice on the axis of the canal orifice (see figure 2.3a) were measured by the
commercial PDA. The PDA configuration used was the standard PDA configuration
and the processing of the events was also carried out by using the Dantec PDA
(58N80-58N81) and Dantec software.

Figures 2.5 and 2.6 display the particle diameters Dyp and D
versus the flow rate. In the liquid flow rate range of 0.02-17 cc/min, we first observe
that the diameter is essentially constant, but the difference between the diameter D
(about 40 pm) and the [)5; diameter (about 65 pm) informs us that the size
distribution is not mono-disperse. For example, figure 2.7 displays the size
distribution corresponding to a flow rate equal to 7.3 cc/min while figure 2.8 and 2.9
display the size distribution corresponding to flow rates of 1.9 cc/min and 0.5 cc/min
respectively. These figures show that the size distribution is essentially independent of
the flow rate and that the size distribution is fundamentally constituted by one main
peak at about 45 pm and a second small peak at about 110 pm. In this series of
figures, the first peak is fitted by a Gaussian and a Log-normal law. Generally the
Gaussian law is the best to fit the increasing part (from 0 to 40 pm) of the size
distribution while the log-normal law is betier to fit the decreasing part (from 40 to
120 pm) of the size distribution. All the experimental results corresponding to this
series of experiments are compiled in table 2.1. The mean value of Dy is equal to 45
pm with a standard deviation equal to 1.5. These remarks are still valid for the low
flow rates between 0.02-0.15 ce/min (in figure 2.6), where the mean size is still equal
to about 39 pm (a change of about 10%) with a standard deviation equal to 3 and the
size distribution is narrow independently from the fact that at such flow rates the
spray is pulsed as exemplified in figure 2.10. The size distributions are displayed in
figures 2.11 to 2.13. Table 2.2 compiles the experimental adjustments and results
corresponding to this series of figures, The fact that at very low flow rates, the spray
is pulsed can be explained as follows. At low flow rates the creation of a liquid film,
with an appropriate thickness, on the atomising surface necessitates a given time t.
When the liquid film is suitable for atomisation, all the film volume is transformed in
droplets, then the atomisation stops, waiting for the liquid film thickness being again
proper for atomisation.



It is experimentally found that the size distribution is very
well fitted by a Gaussian curve with a mean diameter equal to about 40 pm. However,
the fitting by a log-normal law is nearly identical for the main size and the width of
the size distribution. Nevertheless, a small second peak is visible at about 120 pm.
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Figure 2.5: Droplet diameter versus the liquid flow rate for water spray. Blue points
are for D3; while red points are for D),

100
B
- s 4 ’
5 60 L L
; LR
E v
. s !
40 4
& 9 b 4
20 4
0 T T — T T T r
0.00 02 04 06 oF 10 12 14 16

Flow rate (co/min)

Figure 2.6: Droplet diameter versus flow rate (at low liquid flow rate). Blue points
are for Ds; while red points are for D),



Table 2.1 The measurement of mean diameter of water spray for different conditions.

Nozzle Liquid flow rate (cc¢/min) | Power | Dy (um) | Daz(um)
Frequency (KHz)
| 44.6 0.5 8 41.12 63.9
45.7 1.9 8 46.0 72.0
45.6 1.9 8 46.0 72.3
45.6 1.9 8 45.5 70.5
45.2 73 8 44.7 72.0
45.0 7.3 8 43.7 67.4
45.6 7.3 8 44.11 65.9
45.0 1.9 / 6 45.0 73.0
45.0 1.9 6 45.5 73.0
45.3 1.9 10 46.4 70.8
45.3 1.9 10 47.0 72.0
frequency 45.6 KHz, waler, flow rate 7.3 ce/min, power 8
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Figure 2.7: The PDA measured size distribution. The flow rate is equal to

7.3 ec/min.
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Figure 2.8: The PDA measured size distribution. The flow rate is equal to
1.9 co/min.
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Figure 2.9: The PDA measured size distribution. The flow rate is equal to
0.5 cc/min.
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Figure 2.10: Example of a pulsed spray for the flow rate of 0.047 cc/min.
The time scale is in ps.
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Figure 2.11: The PDA measured size distribution. The flow rate is equal to
0.038 cc/min.
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Figure 2.14 compares the predictions of Rajan and Pandit with
the experimental results of the diameters D¢ and D3> measured by the PDA employed
in this work. The red line corresponds to the prediction from (2.2) for our working
conditions. These results show that the diameter is essentially independent of the
liquid flow rate, in agreement with Rajan and Pandit correlation which predicts that
the particle diameter increases just a little with the flow rate. Furthermore, the

measured diameter and predicted diameter are in a good agreement, especially for the
D, diameter.
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Figure 2.14: The comparison between the Rajan and Pandit predictions and the PDA
measurements. The green triangles represent the Do data while the blue triangles are
Jor Dj;.
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Table 2.2 The measurement of mean diameter for water pulsed spray at low flow rates.

| Fr:;';‘;‘“ Flow rate (cc/min) | Power Dyo(um) | Dsa(pm)
45.9 0.038 |8 37.95 58.56
46.3 0.038 | 8 36.11 46.71
45.6 0.038 8 39.25 55.27
46.0 0.038 8 38.8 55.99
45.8 0.066 8 43.15 67.23
45.8 0.066 8 42.05 67.78
45.5 0.066 8 37.80 65.95
46.0 0.066 8 42.7 69.10
46.2 0.066 8 38.66 59.60
45.4 0.066 8 37.70 52.67
45.5 0.066 8 34.24 a1.73
45.9 0.066 8 35.80 4520
46.1 0.047 8 37.73 58.80

464 0.047 8 38.20 55.40
46.2 0.047 8 37.60 51.00
45.4 0.047 8 37.20 52.60
45.6 0.047 8 44.70 69.70
46.0 0.047 8 40.83 63.40
46.1 0.047 8 44.00 67.30
46.0 0.047 8 39.40 57.99
46.0 0.047 8 44.08 69.00
47.3 0.047 8 36.70 73.60
47.0 0.047 8 41.90 69.50 |
46.0 0.047 8 40.30 59.90
46.2 0.047 8 38.50 54.40
45.6 0.047 (Y7 89/) €] 8520 52.51
45.6 0.047 8 34.90 61.50
45.9 0.047 10 38.90 57.90
45.9 0.047 10 33.20 40.33
45.9 0.047 6 34.60 47.66
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2.3.1.2 The effect of input power

The dependence of the droplet diameter on the input power
have been studied and displayed in figure 2.15 for a flow rate of 1.9 cc/min and in
figure 2.16 for a flow rate of 0.028 cc/min. The mean diameters are essentially
constant. This is particularly evident in figure 2.15 where Ajan and Pundit’s
predictions are added, showing the insensitivity of mean diameter to the excitation
power. Figure 2.17 displays the size distribution for an excitation power running from
6 to 10. Here again the size distributions are essentially identical. There is no
significant effect of the excitation power on the spray size distribution.

B

& i a
.- -

0 4 -
¥ s @ ®
§
o
B
E &  Moeasured diameter djp
s o & Measued dameter o,

— Computations from Rajan and Pamdd
0+ T T - - T T T

] b 4 L] § 10 12 I4 I;ﬁ l.‘E 10 n
Power (arbitrary umt)
Figure 2.15: The diameter versus the excitation. The flow rate is equal to 1.9 cc/min
and the frequency is equal to 45.3 kHz.
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Figure 2.16: The diameter versus the excitation. The flow rate is equal to 0.028
cc/min and the frequency is equal to 45.3 kHz.
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Figure 2.17: Size distribution measured for ihree different excitation powers
for the flow rate equal to 1.9 cc/min.

Remark that to know the relationship between the power button position and
the power supplying to the ultrasonic nozzle, tension and current temporal evolution
have been recorded by using an oscilloscope. At each time step, the product of the
instantaneous current by the instantaneous tension gives the instantaneous power.
Figure 2.18 plots the maximum instantaneous power versus the power button position,
for three different nozzles 45.3, 47 and 76 kHz.
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Figure 2.18: The measured power versus the power button position.
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2.3.1.3 The effect of liquid properties (density. viscosity and surface

tension}

From formula 2.2, the mean diameter produced by ultrasonic
nozzles are not only frequency, flow rate and power input dependent, but is also
affected by density, viscosity and surface tension. In practice, it is impossible to
change continuously and independently these parameters, in contrast to the theoretical
approach. Nevertheless, measurements have been performed for different products,
which possess different physical properties. Table 2.3 displays the physical properties
of liquid studied at 20°C. Figure 2.19 displays the size distributions measured for
ethanol and for water.

Table 2.3 The liquid properties.

. I Densi Surface tension |  Viscosity
Magid (g (kg/s') (cp)
Water 1000 0.0728 1.02 |
Ethanol 790 0.0228 1.2
Silicone 970 0.0209 10
Diesel 860 0.0283 | 4
1200
B Ethanol

1000 4 - . W ater
i = Bosl Gaussan Nt for water
— Bast Gaussian fit for Ethanol

Diameter (m)

Figure 2.19: Comparison between size distribution for water and ethanol.

Figure 2.20 displays the mean diameter (D)) versus the flow
rate, with the kind of liquid as a parameter. Four liquids have been studied: water,
ethanol, silicone and diesel. A first remark is that with silicone and diesel, due to the
viscosity and the maximum power of the generator available, the maximum flow rate
is limited to 2.2 cc/min. The evolution of the diameter with the flow rate is generally
small but the following behaviors have been noted:
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« For water, the diameter seems to increase linearly with the
flow rate, but, for an increase of the flow rate by about 15, the diameter increases only
by about 10%.

« For ethanol, the diameter reaches the smallest values of
about 30 um for a flow rate of 0.3 cc/min. The diameter of the ethanol droplets
increases with the flow rate up to 2.2 cc/min and then decreases with the higher flow
rate. Nevertheless, here again the change of diameter is in a range of about 10 %.

« For silicone, in spite of a significant dispersion
measurement (about 10%), the increase in diameter with flow rate looks to be very
strong: nearly 25% when the flow rate increases from 0.3 to 1.1 cc¢/min.

« For the diesel, the measurements are dispersed at low flow
rates (0.3 and 1.1 cc/min), but less and less as the flow rate increases. The mean
diameter is constant or decreases a little bit. Furthermore, as displayed in figure 2.21,
the size distribution is clearly more log-normal than Gaussian, for the increasing part
as well as for the decreasing part. For this product, a long tail in the size distribution
exists. The mean size is always about 40 um, but particles exist up to about 150 pm.

In summary, from this series of experiments, it can be
concluded that the diameter changes with the liquid properties but is nearly
independent with respect to the liquid flow rate under the range of study. Let us
remark that the correlation of Rajan and Pundit predicts a large sensitivity of the
droplet size with density, surface tension and viscosity. Our results are in agreement
with these predictions at least qualitatively.
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Figure 2.20: Diameter versus the flow rate with four products as parameter.
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2.3.1.4 Temporal stability

The previous results have been obtained by measuring about
10 000 events with the PDA. To explore the stability of the nozzle versus time, a new
series of experiments has been carried out. For this new series of experiments, the
duration of the measurement was about 5 minutes for 500,000 events. It should be
noted that the experiment starts with the excitation of the nozzle: the nozzle was at the
room temperature when the experiment begins.
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Figure 2.22: Example of PDA measurement ai 5 mm from the orifice. (a) The longitudinal
velocity Distribution, (b) the size distribution, (c) the transverse velocity distribution

Figure 2.22 displays histograms of longitudinal velocity,
diameter and transverse velocity for a flow rate of 1.1 cm’/min and excitation
frequency of 46 kHz, in the case of water. A nearly perfect Gaussian distribution of
the particle size characterizes the spray. The spray parameters are Dy = 46.68 pm and
Dsz = 63.9 pm. These values are in agreement with the previous results. To quantify
the temporal evolution, the following post-processing has been applied to the
measurement Series:

. The measurement series has been divided in windows of
equal duration.

2. Each temporal window has a duration equal to 100 ms.

3. For each window, we compute and record: the number of
particles, the average velocities (longitudinal and
transverse), and the average diameter.
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Figure 2.23: Processing of PDA temporal series. a) number of particles versus time, b)
Longitudinal velocity and diameter versus time, c) Transverse velocity versus longitudinal
velocity, d) diameter versus transverse velocity.

The experimental results of the measured values are plotted in
figure 2.23. Figure 2.23(a) displays the number of measured particles versus time.
From this figure, it is shown that the flow of particles is essentially constant at this
location (about 80 particles every 100 ms). Figure 2.23(b) displays the average mean
velocity (in green) and the average diameter (in red) versus time. From figure 2.23 (b)

it can be concluded that;

1.

2.

3.
4.

the longitudinal velocity is small, about 60-80 cm per
second;

a correlation between size and longitudinal velocity exists:
the biggest the particles are, the smallest the longitudinal
velocity is;

the correlation size/velocity evolves on a short time scale;
a continuous evolution at long time scale of the size and
velocity appears (see the linear regressions)
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In order to confirm these remarks, the transverse velocity
versus the longitudinal velocity and the diameter versus transverse velocity have been
plotted (see figures 2.23(c) and 2.23(d)). A strong correlation exists between the
longitudinal and the transverse velocities as well as between the transverse velocity
and the diameter. Figure 2.23(c) and 2.23(d) can be interpreted as the fact that, as the
longitudinal velocity is small, the small transverse velocity is strong enough to affect
the particle trajectories. The spray will then be organized as a juxtaposition of packet
of particles with nearly the same momentum, as it will be confirmed by the ILIDS
measurements (see page 30).

From these results it can be understood that the changes of
size at short time scale is due to the effect of a transversally fluctuating flow, while
long time evolution must have another origin. We postulate that this effect could be
related to the change of the nozzle temperature due to the excitation. The study of this
effect is the aim of the next section.

2.3.2 Size and velocity measurement far from the orifice of the nozzle by
Interferometric Laser Imaging Droplets Sizing (ILIDS)

As the droplets are injected with a low velocity (about 0.7 m/s) rapidly
they have the same velocity as the carried gas. Then at long distance away from the
nozzle the PDA cannot be used because the probability for a particle to cross the
optical probe is too small. To measure the characteristics of the spare spray far from
the orifice, a suitable technique is 1LIDS which has been introduced by Glover et al
[8], and then studied and developed by several teams [9,10,11,12,13]. The
measurement principle of ILIDS is based on the record of an off-axis, out-of-focus
image. The size of the particle image is only a function of the lens aperture and of the
magnitude of the out-of-focus. The size information is coded in the fringes created by
the interferences between the light reflected and refracted by the droplets. To study
the spray at 50 em from the orifice, a classical PIV set up (it is a classical TSI PIV set-
up and the PIV processing is carried out by Matlab toolbox) is used. The only
difference between a classical PIV measurement and an ILIDS measurement is that
the recording camera has to be moved towards the laser sheet (by 5 cm here) to obtain
out-of focus configuration. The time between two pulses is equal to 600 ps and the
repetitiveness is of 10 couples of images by second. Figure 2.24(a) displays such a
recording (one image of a couple). By analyzing such images with devoted software,
the size distribution displayed in figure 2.24(b) has been obtained (Do = 50 um). This
size distribution compares well with the size distribution obtained by PDA as
previously shown in figure 2.22. Furthermore, by applying a classical PIV processing
to the out-of-focus couple of images it is possible to extract a map of velocities (the
arrows in figure 2.25). The velocity is measured with in a range of about 0.1 m/s to
0.3 m/s which is in agreement with the free fall velocity for drops of this size,
showing that the injection velocity is not longer dominating. Furthermore, from
images as the one displayed in figure 2.24(a), it is clear that the particles are not
uniformly nor randomly distributed but are organized in assemblies of drops with
similar characteristics (velocity and size).



30

i o el

e ¥ HanmRZs xR EZHERAE

(a) (b)

Figure 2.24: ILIDS measurements. (a) Example of a recorded ILIDS image, (b) Size
histogram obtained by analysing 50 ILIDS images.
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Figure 2.25: Example of a PIV/ILIDS map. The arrows give the velocities (direction
and amplitude). From the fringes the size of the droplets can be extracted while the
velocity is obtained from standard PIV sofiware.
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2.4 Nozzle temperature measurements

H.L. Berger reported that the temperature of an ultrasonic nozzle could
increase when it is working. The self-heating of a nozzle is always present, since it is,
after all, a power-producing device. The degree of self-heating is usually quite
manageable since power consumption is usually on the order of a few watts.
Furthermore, if the Curie temperature of zirconate-titanate (the most common
material for piezoelectric ceramics) is in the range 300-350°C, no noticeable
degradation of the ultrasonic nozzle has been recorded for temperatures up to 150°C.
However, such a level of temperature can affect the liguid. This effect can be positive
or negative, depending on the product and the application. For biodiesel, a high
temperature will decrease the viscosity and then facilitates the atomisation process.

The temperature of the nozzle has been recorded by using an infrared camera
(ThermalCAM PM3595 LWB with objective of 24° from FLIR Systems). Figure
2.25(a) displays maps of the nozzle temperature at the beginning of the excitation and
15 minutes later while figure 2.25(b) displays the temperature at the nozzle orifice
versus time,

Temperature (°C)
s 2=

(a) (b)

Figure 2.26: (a) Maps of infrared emission for the nozzle just at the beginning of
excitation and 15 minutes later. (b) Temperature at the nozzle orifice versus time.

A strong increase of the nozzle temperature is observed. The increase of the
nozzle temperature is estimated from the infrared images (after a calibration) to be of
about 40°C, This temperature change of the nozzie will induce a temperature
evolution of the liquid droplets. This slow evolution of the nozzle temperature is
likely to be the cause of the continuous change of diameter remarked in figure
2.23(b).

Then to avoid the effect of nozzle temperature increasing on the droplet size,
all the experiments presented in this book have been recorded 15 minutes after the
beginning of the nozzle excitation.
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Conclusion

The results presented in this chapter prove that ultrasonic nozzles are able to
provide a spray of tiny droplets with a high uniformity in size and a very low initial
momentum (low velocity), independently of the liquid flow rate under the range of
study (from 0.02 to 17 cc/min). Then the dynamical properties of the droplet cloud
will be principally due to the carrier gas flow. These unique properties are very
attractive to realize oil burners to study the fundamental burning properties of oil as
biodiesel from palm. Furthermore, the fact that an ultrasonic nozzle warms up can
change the liquid properties. The heat-up of the liquid due to the nozzle can be
beneficial (reduction of the oil viscosity) or detrimental if the product is thermo-
sensitive.

To access to the evaporation rate, the temperature of the liquid after
atomization as well as during evaporation and combustion phase must be measured.
To reach this objective rainbow refractrometry will be explained in the next chapter.



CHAPTER III

NUSSENZVEIG’S THEORY AND ITS IMPROVEMENT

Before the advent of lasers, measurements in flames were made by inserting
probes such as pitot tubes for velocity, suction pyrometers for temperature, and
suction probes for gas concentration measurements. Particles were collected on filters
inside suction probes for subsequent removal and size analysis. In the last decades,
important developments have taken place in combustion diagnostic techniques. There
has been a large-scale increase in the quantity of research that has been carried out in
university, government and industrial laboratories, resulting in a much better
understanding of fundamental processes in turbulent, reacting, high-temperature
systems. Instead of relying on global measurements, instruments have been developed
that probe into flames and combustion environments, allowing measurements to be
made as a function of both space and time. The presence of particles of solid fuel,
liquid drop and soot has created special difficulties. Interest developed in obtaining
more information about these particles and led to a number of new concepts for
particle characterization in size, concentration, temperature and composition
measurements.

The velocity of the particles can be measured by using Laser Doppler
Velocimetry (LDV) or Particle Image Velocimetry (PIV). LDV is used for
measurement of local instantaneous velocity of particles suspended in the flow while
PIV, using dual pulsed lasers with a pulse duration of several nanoseconds and an
adjustable delay between the two pulses, permits to record a map of the velocity
vectors. The size of the particles can be measured by using photography, holography,
diffractometry, Interferemetric Laser Imaging Droplets Sizing (ILIDS), Phase
Doppler Anemometry (PDA), .ete.

These techniques give access to size and velocity information, and for some of
them have been applied to analyse the behaviour of the sprays. But no information on
the droplet temperature or composition can be obtained by using these techniques.
However, in order to obtain a better understanding of the droplet heat-up process in
spray flames, it would also be advantageous to measure the fuel droplet temperatures
and the fuel droplet evaporation rate which are of fundamental interest in the study of
spray combustion.

The ‘measurement of droplets heat-up and evaporation flow rate is still a
challenge which has found only partial solutions with limited domains of application.
Among others, the following approaches have to be mentioned:

« Morphology Dependent Resonance (MDR): This approach is reviewed by
Chen et al [14]. The principle is to identify in the scattering spectrum the
contribution corresponding to light trapped inside the particle. From the
properties of the spectrum peaks both the particle size and refractive index
can be extracted. In practice, applied to line of perfectly spherical droplets,
the technique gives the possibility to measure change of diameter as small
as ax 10”° where a is the particle radius, with a maximum diameter of about
80-100 pm.
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s Laser Induced Fluorescence (LIF). LIF is based on the temperature
dependent fluorescence. Among various implementations [15], the two
colors laser-induced fluorescence technique [16] is particularly attractive.
But a difficult problem with LIF technique is to known the fluorescence
properties for the working condition (fuel species, working temperature and
pressure).

« Elastic scattering properties: these techniques are based on the temperature
dependence of the real part of the refractive index. The measured quantities
are a section of the scattering diagram which can be in forward region as
suggested by Massoli et al [17] or at the rainbow region. The most of the
work has been carried out at the rainbow region, and without being
exhaustive, we must mention the contribution of Anders et al [18], van
Beeck [19], Sankar et al [20]. Nevertheless, in spite of some significant
progresses, important breakdowns limit the development and application
of this emerging technique that has shown potential for the non intrusive
measurement of fuel droplet temperature. The rainbow refractometry
possesses the unique advantage to depend directly on the refractive index
then no addition of fluorescence product has to be realized: it is really a
non intrusive techmique. The present chapter is a contribution to the
development and application of rainbow techniques to spray temperature.

All the previously mentioned technigues are based on the interaction between
light (a laser beam) and droplets which can be assumed, at least in first
approximation, to be spherical. Then the understanding of the interaction between
one particle and light is essential. The physics and associated mathematics are
described in several textbooks [21]. The level of sophistication of the different
theories is connected to the associated numerical difficulties and computational times.
The basic principle behind the main theories used in this thesis are compiled in
appendix A. The interferometric aspect leads to Airy theory while the wavy aspect
leads to Lorenz-Mie and Debye theories. Nevertheless, some key notions and
definitions will be introduced to facilitate the understanding of this chapter. These
notions are essentially issued from geometrical optics which is the less sophisticated
of the optic theory of particle approach but cannot be ignored due to its pedagogic
power. These four theories, which can be considered as tools and are the ones used in
this thesis, are described, with the associated codes, in appendix A. A special attention
is dedicated to the Nussenzveig’s theory because it will be proved that, by adding
correcting coefficients, predictions as accurate as Lorenz-Mie theory can be achieved
for .a computing time equivalent to Airy theory: a fundamental improvement for
inversions in real time.

Then Chapter 3 is organized as follows. Section Preliminaries recalls the
most important notions necessary to read this chapter and introduces in details the
Nussenzveig’s key formulae to be used and improved in this work. Section 3.1
compares the Nussenzveig's predictions to more classical theories at forward angle.
Section 3.2, for the backward angles, starts with the comparison of predictions
obtained from the different theories (Lorenz-Mie, Debye, Nussenzveig and Airy) and
later introduces correcting coefficients at Nussenzveig’s theory to obtain fast and
accurate predictions of the light scattered at the rainbow angle.
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Preliminaries:

To describe the interaction of light with a spherical object, two approaches are

essentially possible:

1. Approximate the incident beam by a series of rays and follow the path of
each ray in agreement with the laws of geometrical optics. That is to say,
we use the Descartes —Snell and Fresnel laws to compute the direction and
intensity of the reflected and refracted rays each time that a ray impinges on
an interface.

2. Rigorously solve the Maxwell’s equations with the appropriate boundary
conditions

When the incident beam is divided in rays, it is enough to study their
progression in a plane, exemplifyed in Tigure 3.1. A key parameter is the impact
parameter defined as the ratio of the distance between a ray and the common axis to

the beam and the particle over the particle radius (p = £}, where a is the particle
a

radius. When the impact parameter is equal to O, the incident ray is perpendicular to
the particle surface and the refracted ray crosses the particle along a diameter. When
the impact parameter is equal to |, the incident ray is parallel to the particle surface.
To facilitate the discussion the rays leaving the particle are named according to the
van de Hulst’s notation:

p = 0 for the externally reflected ray

p = | for the ray refracted twice

p = 2 for the ray experimenting one internal reflection and two refractions,
p = 3 for the ray experimenting two internal reflections and two refractions,
p = n for the ray experimenting #-1 internal reflections and two refractions.

. " 8 0 @

Figure 3.1: Definition of the impact parameter and van de Hulst's notation.

At each impact of a ray with the droplet surface, new directions are computed
by using the Descartes-Snell’s laws (1623) and the associated intensity by using the
Fresnel’s laws (1820). A fundamental limitation of the geometrical optics approach is
the impossibility to predict the characteristics of the light at points corresponding to
the crossing of two rays of the same kind, such as at a focus point. Then rainbows,
which correspond to the extremum of deviation for rays experimenting a given
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number of internal reflections, cannot be described by geometrical optics. The Airy’s
theory (1836), which starts from the wave front obtained by ray tracing inside the
particle and then applies the Huygens’ principle, permits a quantified description of
the rainbow, taking into account the finite size of the droplet.

The rigorous solving of Maxwell’s equations leads to the Lorenz-Mie (1890,
1908) theory which gives a solution under the form of infinite series where all the
kinds of interactions are mixed together. A rigorous analytical post processing of the
Lorenz-Mie theory leads to the Debye (1909) theory, which also gives a solution
under the form of infinite series but where each kind of interaction can be
independently quantified. These two complementary approaches are extremely
accurate but very time consuming. An alternative approach is the complex angular
momentum theory (CAM theory) developed by Nussenzveig (1969). This theory
starts from the Debye’s theory. But by using heavy mathematics, series are
transformed in integrals which are analytically solved by introducing various
approximations depending on the angular region under study and on the kind of ray of
interest. Nussenzveig claims that “it is hoped that they provide useful quantiiative
information down to a size parameter as small as 100 (diameter of about 15 um in
visible) and at least qualitative information down lo a size parameter as small as 10
(diameter of about 1.5 pm in visible) ".

In this thesis, the mierest is limited to the forward and first rainbow regions,
where the main contribution in forward are the rays p=0 and p=1, and at the first
rainbow region where the principal coniribution is due to the rays p~0 and p=2
essentially but the role of =3 has to be understood.

p = 0: To describe the reflected ray, Nussenzveig introduces one formula
which can be applied at forward and backward regions. The notations are schematized
in figure 3.1. The complex amplitude of the light externally reflected by the spherical
particle is given by Nussenzveig [22] as ([22). formula 4.35):

Fo it d{,!m‘ —cos’ (012) - sm(ﬂﬂ]} 210500012

N? ms?{mz}ﬂm{ﬂm}

(3.1)

1t __L__if_f ms’(ﬂfz) 1ol
2z | sin®(0/2)

s (mz)}i
where @ is the size parameter equal to @ = Pk d is the particle diameter and A is the

wavelength of the incident beam. @ is the scattering angle defined in figure 3.1, and N
is the real part of the refractive index.

p = 1: To describe the twice refracted ray in the framework of the CAM
theory, Nussenzveig introduces one formula. The complex amplitude of the light
purely refracted by a spherical particle is given by Nussenzveig as ([22], formula
5.49):
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|
where 7 is given by 7 =(1_2Nm"(g"r2}+wl]a o by X = NV - cos(6/2))’

p = 2: To describe the first rainbow (p=2) the situation is much more complex
and, Nussenzveig introduces 5 formulae according with the angular region of interest
as schematized in figure 3.2, In figure 3.2, the different rectangles schematise the
domain of application of the five Nussenzveig formulae for the rainbow and voluntary
partially superimpose them to visualize the imprecision in the definition of them.
However, for the practical aspect of this thesis only angular regions close and larger
than the rainbow angle are of interest. Then only the formulae corresponding to cases
0->2 rays and 2 rays have been studied.
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Figure 3.2: The domains of application of the different Nussenzveig formulae for
the rainbow (p=2).

In the region 0->2 rays,_ the complex amplitude of the light experimenting one
internal reflection is given by Nussenzveig [23] as ([23], formula 3.45):

I
—ixf4
Fsinson (@, 6= 2— I%f'{ —-] c{ﬁ?a)o exp[ﬁwtx +isae +idas’ + Nae }]
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(3.3)
with ([23), formula 3.46):
19 (!r -Iﬁ) (3.4)
365’
and ([23], formula 3.47):
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e ETS‘? _—_]ET: * 55'5?&_1'. 4E (3.5)
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and ([23], formula 3.48):
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with ([23], formula 2.35):

-NY2
s=5in£?m=[4 ud (3.7)
3 A
L
£ _132
¢ =cosf,, =[£—:E (3.8)
3 A

where &, is the incident angle on the sphere for the rainbow angle, and & verify
=0, +c.

In the region 2 rays, for larger scatiering angles, Nussenzveig proposes to
write the scattered amplitude as the sum of two elementary amplitudes:
fla,0)= f,(a,0)+ f,(@.@) , each elementary amplitude corresponding to a
“geometrical optics ray” ([23], formulae 3.41 and 3.42).
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The angle of incidence on the sphere (6,) and the angle of refraction inside the
sphere (6, ) are related by the following relations, where @ is the deviation angle (or
scattering angle):

20, -0, =(r-0)/2, sin@, = Nsiné, (3.13)

which can be rewritten as (see A5 of Ref [23] ):
z' —2mdz’ — 4mll —m)z* + dm’dz + m'd® =0 (3.14)

by setting:

1
z=sin6,, d::st[E]. =l (3.15)
2 4

The roots of equation (3.14) correspond to two incident angles for one
scattering direction. The smaller root corresponds to a ray with an impact parameter
smaller than the rainbow ray while the larger root corresponds to a ray with an impact
parameter larger than the rainbow ray. Next sections are related to the comparison of
the numerical predictions obtained by using these formulae with predictions from
other theories (Lorenz-Mie, Debye and Airy theories).
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3.1 At forward angle

At forward angle the scattered light is mainly dominated by the interference
between external reflected light (p=0) and refracted light (p=1). Figure 3.3 displays
scattering diagrams computed between 27° and 33° with 2048 steps. The
computations have been carried out for a refractive index equal to 1.333 and a particle
diameter equal to 100 pm. The scattered diagrams are simulated by Lorenz-Mie
theory, which takes into account all the effects together, Debye and Nussenzveig’s
theories which take into account only the interference between p=0 and p=1. The
comparison shows that Nussenzveig’s theory is able to predict well the forward
scattered light in terms of frequency and phase. This is the important key point to be
used for the sizing measurement by analysis of the forward scattered light which will
be described in detail later in chapter 4. The differences in intensity are due to higher
order rays.
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Figure 3.3: Comparison between Lorenz-Mie, Debye and Nussenzveig for the
interference between p=() and p=1.
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3.2 At backward angle

3.2.1 Comparison between Lorenz-Mie, Debye, Nussenzveig and Airy
for p=2

Few results have been published comparing the light around the
rainbow angle predicted by the CAM theory and other approaches. Here the
predictions of Khare and Nussenzveig [24] have been compared and discussed

To the best of our knowledge, Khare and Nussenzveig are the only
ones to provide a comparison between the CAM theory and other approaches for light
scattering, close to the rainbow angle, in the range from 135° to 142°, In rainbow for
small particle and global rainbow technique, the collecting angle can be larger while
other previous works generally concentrate on the lower range of scattering diagrams.
Therefore, in this work, we shall especially focus our attention, while still considering
smaller angles, on the angular range from 142° to 150°. Figures 3.4 and 3.5 display
the normalized intensity versus the scattering angle for a large angular range between
135 and 150°. The normalization has be defined in such a way that the maximum of
the Debye predictions with p = 2 is equal to unity. The same normalization factor has
been afterward applied to the other approaches.

From figure 3.4, considermg the main peak of primary rainbow, we
observe a significant difference between Lorenz-Mie and Debye predictions (with p =
0 and 2) to be attributed to interactions of higher order rays which cannot be
negligible for the case of small enough particles (the size parameter is equal to 50).
Predictions from Debye (with p=2), Airy and Nussenzveig approaches perform more
poorly. Although Nussenzveig and Airy predictions are in good agreement, they
underestimate the scattered light intensity compared with Debye theory results within
the angular range 136°-142° and overesiimate within the angular range 145°-150°.

16—

Normalized intensity

N | — 1 _ —— = T r—— ey
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Scattering angle in degree
Figure 3.4: Comparison of the rainbow ray intensity predicted by Lorenz-Mie, Debye,

Airy and Nussenzveig theories. The size parameter is equal to 50 and the refractive
index is equal to 1.33. The incident wavelength is 0.6 um.
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Figure 3.5: Comparison of the rainbow ray intensity predicted by Lorenz-Mie, Debye,
Airy and Nussenzveig theories. The size parameter is equal to 500 and the refractive
index is equal to 1.33. The incident wavelength is 0.6 um.

For the case of a larger particle with a size parameter equal to 500
(about 95 pm), figure 3.5 illustrates that the Airy and Nussenzveig (formula 3.3)
predictions are identical and close to the Debye prediction (with p=2) for the main
peak of the primary rainbow. Conversely, for the supernumerary bows both theories
display intensities which are significantly larger than for Debye and Lorenz-Mie
predictions (approximately twice for the fourth supernumerary bow). Concerning the
peak locations, Nussenzveig predictions are nearly in phase with Debye predictions
while Airy predictions progressively shift to higher angular values. These
observations have been confirmed by a large number of computations for different
sizes of particle and refractive index values. This leads to the conclusion that
Nussenzveig predictions are more accurate than Airy predictions especially when one
considers supernumerary peak locations.

However, in order to obtain more accurate predictions for the light
scattered far from the rainbow, a deeper discussion relying on Nussenzveig’s
equations (3.9) and (3.10) must be carried out, especially for the case when the
scattering angle is larger than the geometrical optics rainbow angle. Figure 3.6
compares the results obtained by using equations (3.9) and (3.10) with results from
Debye theory with p = 2. It is observed that, for the increasing part of the main
rainbow peak (scattering angle up to 139°), Nussenzveig's predictions exhibit
significant differences with respect to Debye predictions. For higher scattering angles,
an accurate enough prediction can be obtained but remains limited to a rather small
computational domain. In the range from 139° to 151°, the predictions based on
equations (3.9) and (3.10) are more accurate than from equation (3.3). The locations
of the supernumerary bows are very satisfactorily predicted but the intensity is
underestimated by about 5%. Nevertheless, limitations towards high values of the



scattering angle can be a penalty to accurately enough fit expeniments in a large
angular domain.
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Figure 3.6: Comparison between rainbow predictions by Nussenzveig and Debye
(with p=2) theories. The size parameter is equal to 500 and the refractive index is

1.33. The incident wavelength is 0.6 pm.

Relying on these observations, correction coefficients for intensity

predictions by using formula (3.3) of Nussenzveig’s theory are evaluated by using the
following procedure:

Compute normalized scattering diagrams for particle sizes ranging from 10 to 100
microns in the framework of Debye theory (p = 2) and with equation (3.3) of
Nussenzveig’s theory.

Then, compute the argument z of the Airy function (see appendix A, formula A8)
as a function of the incident wavelength, particle diameter, particle refractive
index and scattering angle.

Plot the normalized scattered intensities obtained from Debye and Nussenzveig
predictions versus z.

Finally compute the ratio of the Debye normalized intensity over the Nussenzveig
normalized intensity, when the Debye intensity is larger than a critical value: here
selected to be equal to 0.3. The result is an empirical correction coefficient.

Figure 3.7 displays the ratio of scattering intensity predicted by the

Debye theory over Nussenzveig normalized intensity against z with particle size as a
parameter. For these computations, the material is water with N equal to 1.33.
Coeflicients of linear regressions to be used for modified Nussenzveig predictions are
displayed in Table 3.1.
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Figure 3.7: Ratio of Debye normalized intensity over Nussenzveig normalized
intensity for various particle sizes.

Table 3.1 Coefficients of linear regressions for modified Nussenzveig's predictions.

Particle Size Linear Regression

|
S el 3} AR
_ dppm——— W y=-02523z+12807 = |
i 15 pm <d< 30 pm =-0.1602z +1.1722 ]
| 30 um<d<75 pm_ y =-10.0946z + 1.0982 ]
B 75 um <d<125 pm y == 0.0593z + 1.0639 |

After insertion of the empirical coeflicients into Nussenzveig approach,
it can be observed from Figure 3.8 that the modified Nussenzveig predictions lead to
scattering diagrams which are in excellent agreement with the ones from Debye
theory with (p = 2) for all investigated particle sizes. Although not shown here,
computations carried out for different refractive indices between 1.3 and 1.4 confirm
that the insertion of the correcting coefficients is efficient 1o quantitatively predict the
rainbow structure within the angular domain from 130° to 160°. Also, sensitivity tests
have been carried out at boundaries between correcting coefficient domains. For
instance, Nussenzveig predictions for @~14.9 pm and 15.1 pm depart of about 10%
from Debye predictions for 15 pm.
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Figure 3.8: Comparison of scaltering diagrams obtained from the Debye and
modified Nussenzveig predictions for various particle sizes.
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3.2.2 Comparison between Lorenz-Mie, Debye, Nussenzveig for p=10

On the side of the Alexander's dark band, the intensity predicted by
Airy and Nussenzveig (limited to p=2) approaches decreases very fast, faster than an
exponential according to Nussenzveig. But also the externally reflected light
possesses a nearly constant intensity in this angular range, and fast gives a
contribution more important than the p = 2 one (see the continuous pink and dashed
dark red curves). Then approaches limited to p = 2 cannot describe the collected
intensity in this region, as exemplified in figure 3.9. Figure 3.9 displays the scattered
intensity, in logarithm scale, versus the scattering angle in the angular range 130 to
140°.

In logarithm scale the fast decrease of the intensity due to p = 2 rays in
the Alexander's dark band (scattering angle smaller than 134.5°) is very noticeable
(see the blue curve, Debye for p = 2 and the dashed black curve, Nussenzveig for p =
2) but it is also remarkable that the contribution of the second rainbow is much more
important than the one of the externally reflected light. This fact is illustrated by the
green (Debye for p= 0 and 2) and the red (corresponding to full Lorenz-Mie theory)
curves. The result of this analysis is that taking into account the reflected light could
be useful in the case of measurement technique based on the rainbow for individual
particles and when the details of the ripple are recorded. For the global rainbow,
especially when applied to sprays of small particles (¢<100pm), taking into account
the reflected hight will only give a small correction to the ntensity predicted at large
angles. To improve the description of the light scatiered below the rainbow angle, the
second rainbow must be included.

2a=95.5 pm, A =0.6 pum, N= 1.33

Normalized intensity

130 132 134 136 138 140
Scattering angle in degree
Figure 3.9: Contribution in the Alexander's dark band. Relative importance of the

reflected light (p=0), one internally reflected (p=2) and twice internally reflected
p=3).
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3.2.3 Comparison between Lorenz-Mie, Debye, Nussenzveig for the
interference between p=0 and p=2

To compute the rainbow, incorporating the ripple structure, the
complex amplitude given by equations (3.1) and (3.3), with correcting coefficients,
are summed up together. The complex square of this quantity gives the scattered
intensity. Figure 3.10 displays results of such a computation for a size parameter of
500 and a refractive index of 1.33 (same configuration than for figure 3.5). A first
remark is that the interferences create strong fringes on the Airy bows, the ripple
structure. A second remark is that the agreement between Nussenzveig and Debye for
p =0+ 2 is nearly perfect up to about 154°, The agreement with the Lorenz-Mie
theory is not so perfect (due to higher order processes in full Lorenz-Mie predictions)
but still good.

14 4 ——— Nussenzveig, p = 0 and 2
—— Debyep=0and 2
1.2 4 i —— Lorenz-Mie

0.8 4 ‘

0.6 - ‘

Normalized intensity

0.4 - 'v J'
021 STV RN
| WL VP

0.0 -

T T T T

135 140 145 150 155 160
Scattering angle in degree
Figure 3.10: The main rainbow, including the ripple structure, for a size parameter

of 300 and a refractive index of 1.33. Comparison between Lorenz-Mie, Debye (p = 0
+2) and Nussenzveig (p = 0 + 2).

In summary, the Nussenzveig approach, for p = 0 and 1 at forward and for p = 0 and 2
with correcting coefficients at backward, is able to perfectly enough describe the
scattering diagrams, including the ripple structure, in a large angular domain for
individual small particles.

In the next chapters these tolls will be applied to sizing and refractive
index (temperature) measurements of individual and clouds of particles.




CHAPTER 1V

RAINBOW PRINCIPLES AND APPLICATIONS BY
USING NUSSENZVEIS’S THEORY

When we were interested by spray evaporation (e.g., the combustion of liquid
fuel, including bio diesel), the precise measurement of the physical characteristics of
the droplets is necessary. That is to say we have to deal with the very accurate
measurement of the droplet size, temperature and composition. The refractive index is
sensitive to temperature and composition; its measurement is a measure of the
temperature and/or of the composition of the droplet. Then it is essential to perfectly
understand the dependence of the scattering diagrams with the size and refractive
index (temperature) for individual droplets.

According with these objectives, this chapter is dedicated to recall basic
physic underlying the measurements technique, to criticize classical approaches, and
to introduce an alternative approach. Section 4.1 is devoted to the measurement of the
size by analyzing the forward scattered light and follows by an automatic analysis.
Section 4.2 is devoted to the measurement of the refractive index by analyzing the
backward scattered light around the rainbow angle and its automatic processing.
Section 4.3 aims to introduce an automatic dual version based on these approaches,
including the presentation of the processing of real experiments. Section 4.4 is a
discussion of the classical rainbow limits: homogeneous and spherical particles.

4.1 Forward region

When working with one individual particle, the accurate measurement of the
particle diameter is critical for all techniques (rainbow, LIF, MDR, ....... ). This
paragraph is devoted to the discussion of classical approaches to measure the
diameter. Often the measurement of the size is carried out by analyzing the light
scattered in the forward direction, i.e. the scattering angle is smaller than 90°. Two
main reasons support this choice: (i) the forward scattered light is easy to analyze
because it is assumed to be essentially composed only of externally reflected light
(p=0) and purely refracted light (p=1), (ii) the forward scattered light is reputed to be
of little dependence on the refractive index value. These two facts are now discussed.

4.1.1 Geometrical optics formula analysis

In the forward direction, the scattered light can be essentially
represented as regular fringes generated by the interferences between p=0 and p=1
rays, as shown in figure 4.1. In figure 4.1, it is clear that the scattered intensities of the
two largest particles are markedly greater than the scattered intensity of the smallest
one. Moreover, for a given refractive index, the number of fringes is also a function of
the size; the bigger the particle is, the greater the number of fringes is. This relation
can be viewed as an increase in spatial frequency of the scattered pattern. As the
relationship between the number of fringes and the particle diameter has been
established, a well-known and rapid technique for droplet sizing would simply be to
count the number of observed fringes and convert it to the diameter. However, such a
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method is limited in accuracy. A small change in diameter, ex. about 0.5 microns at
50 microns, creates the same number of fringes over a 20° collection angle as shown

in figure 4.1.

|.Be+5
1.6e+5 - ——— diamcter = 50 microns
diameter = 50.6 microns
|.de+5 1 —— diameter = 25 microns
g 1.2¢+5 - | lf
B 1.0et5 1 Ih
= (e
-E 8.0e+4 -
g 6.0e4+4 : [
@ 400+ - ft '
Al N
2.0e+4 - \’ | || [X) i
| 2R ATA
o 1 \ AAAN
25 30 15 40 45 50 55

Scattering angle in degree

Figure 4.1: Scattered intensily distribution in the forward region computed by
Lorenz-Mie theory for a droplet with the diameter equal to 50 um micron and

refractive index equal to 1.33 for a wavelength equal to 0.5145 ym .

To compute the scattered light at forward region different approaches
can be used. Lorenz-Mie theory can predict the exact scattered light but requires a
complex numerical procedure which is time consuming. So it is worthwhile to

approximate forward light scattering by ray optics.

From geometrical optic, the angular distance between two consecutive
fringes can be easily computed. From appendix 4, formula 4.77 gives the difference
of pathes between a ray reflected in direction @ and a reference path, while formula
A.31 gives the difference of pathes between a ray refracted in direction ¢ and the
same reference path. Then the difference of pathes between the reflected and refracted
light is given by:

ORI s o) A i

Between two scattering angles 6, and &, , to have a consecutive fringe,
the path difference must be equal to the wavelength

! . (8, . B . (& .8
A1=2a N+N*-2 bt 1 i - Ly T MR
a[J + Nsm[2]+sm2 JI+N ZNsm[z] sin 2] (4.2)
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This can be approximated by:

A

al cos(8,/2) + - Nsin(6,/2) (4.3)
Y1+ N* —2Ncos(d,,/2)

AG, =

The previous formula is used by a lot researchera to measure the
particle size. Nevertheless, this formula is based on different approximation to be now
discussed. The angle between two interference fringes Afly depends only on particle
size (a), the real part of refractive index (N), and slightly on scattering angle which is
defined here as a mean scattering angle (&, ). The sensitivity of the predicted fringe
spacing versus the size, with the refraciive index as a parameter and the mean
scattering angle is shown in figures 4.2 and 4.3.

14 7
l For 6, = 30°
124 —— refractive index =1.233
—— refractive index=1.333
- refractive index=1.433
E, 1.0 —— refiactive index=1.5
=
B
g 08
E
)
£ 06 -
-9
0.4 1
ﬂ.—?- T T T T
20 40 60 80 100
Diameter {pm)
Figure 4.2 Fringe spacing as a function of droplet diameter. The parameter is the
refractive index value.

As the angular distance between fringes is the function of droplet
radius, it is obvious that, if the scattering angle and the refractive index are known, the
measurement of the angular distance between fringes, the spatial frequency, is a
measurement of the particle diameter [25].
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For refractive index = 1.333

= mean scatlering angle = 25°
——— mean scafierin angle = 27°

mean scallering angle = 307
——— mean scallering angle = 33°
——— mean scatiering angle = 357

0.8 4

0.6 4

Fringe spacing (degree)

04 4

02 T T T T
20 40 &0 80 100

Diameter (um)

Figure 4.3 Fringe spacing as a function of droplet diameter. The parameter is the
mean scattering angle.

Moreover to obtain equation 4.3 it has been assumed that angular
distance between two interference fringes is constant in the collection solid angle.
This can be true just only for a small solid angle. The definition of the solid angle has
an effect on the accuracy of size measurement.

As an example, figure 4.4 shows the fringe spacing as a function of
diameter for different mean scattering angles. Although the scattered light in the
forward region could be seen as essentially regular fringes, figure 4.4 shows that for a
given particle size, the angular distance between two interference fringes is not
exactly the same along the forward scattering angle. In case we use the average
scattering angle, with the same mean scattering angle, about 30°, but different solid
angles equal to 10° (solid angle between 25°-35°) and 5° (solid angle between 27°-
33°) could not give the same answer in terms of accuracy. The accuracy is about 8%
and 4% for solid angles of 10° and 5° respectively. Then by using average scattering
angle to extract the particle size a few microns error could occur.

Furthermore, Massoli et al [26] have claimed that the scattered light
distribution in the forward angle (about 33° for diameter equal to 40 microns) is
almost independent of the refractive index. This result has been obtained not for one
individual particle but by summing the contribution of particles in the range 40+ 0.26
microns with a step of 0.008 micron, and integrating over an angular aperture of
+2.4° to smooth the scattering diagram. Figure 4.5, extracted from Massoli et al
paper, exemplify this result.
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Figure 4.4: Fringe spacing versus the particle diameter corresponding to equation

3.18. The parameler is the average collecting angle.
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Figure 4.5: Angular patterns of horizontally (top) and vertically (bottom) polarized
cross section for 40 micron droplets with different refractive indices computed by
Lorenz-Mie theory.
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Figure 4.6 displays the scattering diagram between 30° to 60° for one
particle of 40 microns without any integration on size and scattering angle. The
intensity and angular distance between fringes are close but not equal. For example,
between 30° and 40° degrees there are 11 or 12 oscillations for refractive indice of 1.5
and 1.334 respectively. Then even though the refractive index has little effect on the
scattered light in the forward region, it is enough to decrease the measurement
accuracy.

J —— N=1334
SR —— N=1377
—— N=1428

H=1.5

40000

20000

Scattered light intensity

Scattering angle in degree

Figure 4.6: Scattering light distribution in the range angle of 30°-60° for different
vailues of refractive index.

4.1.2 Nussenzveig’s analysis

To improve the measurement in the forward region one possibility is to
use the Lorenz-Mie theory to fit an experimental scattering diagram in frequency and
phase as Min and Gomez [27] did but this approach is very time consuming. An
alternative is to use the Nussenzveig’s approach introduced in chapter 3, which is as
accurate as Lorenz-Mie but as fast as geometrical optics. The strategy is to calculate
the light distribution for an arbitrary size and refractive index, and then to compare it
with the simulated/recorded profile. A satisfactory return can be obtained when the
location, shape and amplitude of the peak and trough match together.

However, it is difficult to compare directly and accurately the
simulated/recorded with computed/measured scattering diagrams but it is easy to
compare the frequency components of both signals by computing the associated Fast
Fourier Transforms (FFT). Figure 4.7a and 4.7b display the forward scattering
diagram for a particle of 100 microns and N=1.333 and its associated FFT spectrum.
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Figure 4.7: The forward scattering diagram for a water droplet (N=1.33-0.0 i) with a
diameter equal to 100 microns (figure 4.7a) and its associated FFT (figure 4.7b).
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Figure 4.8: Index of the dominant spatial frequency component of the intensity light
distribution as computed by the FFT versus particle diameter. Optical parameters:
wave length 0.5145 micron, scattering angle between 25° and 45° and refractive index
of 1.333.
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Figure 4.8 displays the position of the maximum of the Fourier
transform (more accurately Fast Fourier Transform: FFT), computed on the angu_lar
range between 25-45° with 2048 points, versus the particle diameter for a refi-actwe
index equal to 1.33. As the angular frequency is the inverse of the angular distance,
this curve gives the same information as figures 4.2, 4.3 and 4.4. In figure 4.8, the
peak index looks to be a monotonic function of particle size over a fairly large range
of size.

By applying FFT with the scattering distribution, the larger the
scattering angle range is the higher the accuracy is. However, in the practical way, the
solid angle cannot be larger than about 10° due to the limitation of the optics
configurations. Figure 4.9 shows the relationship between peak frequency and
diameter with the same liquid properties as the computations in figure 4.8 but a
different optics configuration. The used optics configuration is the same as the
Onera’s configuration, which measures the scattered light between 27-33°.
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Figure 4.9: Index of the dominant spatial frequency component of the intensity light
distribution as computed by the FFT versus particle diameter. Opfical parameters:
wave length 0.5145 micron, scattering angle between 27° to 33" and réfractive index
of 1.333.

The location of the peak frequency is given with steps due to the
digitalization. At the same FFT maximum position corresponds to a range of possible
diameters. As shown in figure 4.9, for example, it is clear that by measuring only
discrete locations of the FFT maximum, the accuracy on the measured diameter is
equal to about 4%.

To improve the accuracy of the diameter measurements, a first step is
to improve the localization of the FFT maximum by using a spline method. A spline
method is based on the fitting of the maximum point and its neighbours by a spline
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curve, Then the angular fringe frequency can be measured much more accurately.
This procedure permits to measure the diameter with accuracy equal to about 2-3%
for a diameter of about 100 microns as shown in figure 4.10.
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Figure 4.10: FFT and its spline versus diameter.
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Figure 4.11: Phase difference between the scatiered light by particles with diameter
equal to 73 and 75 microns (N=1.333, wave length=0.5145 micron, 2048 points).
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Even if the range of possible diameters has been reduced, there is still a
significant undetermination. Nevertheless, as exemplified in figures 4.1 or 4.11, two
particles with different diameters but with the same associated spatial frequency can
be discriminated by using the spatial location of the fringes.

Then, to refine the accuracy of the measurements, the absolute location
of the fringes (the phase) must be take into account. To quantify the phase shift
between the recorded signal and the computed signal by Nussenzveig a cross FFT
technique is used. A cross FFT is a useful result, calculated by the FFT, that is often
neglected, perhaps because of its somewhat unintuitive nature. Because our interest
has been narrowed to a single frequency bin of the power spectrum, the phase
extracted from the complex form of FFT at the peak frequency index corresponds
directly to the observed shift of the original scattering function over the fixed window.
The most apparent change between the two profiles pertaining to the 50 microns and
50.6 microns droplets shown in figure 4.1 is the difference in the position of the
extrema, which are interpreted by FFT as a phase shift of the dominant frequency
component. The phase lag computed by the FFT is 80°. This sensitivity of the phase
to small change in particle diameter can be displayed by overlaying the computed
phase at each particle size with the peak frequency index, as shown in figure 4.11. To
360° of phase comresponds a change of the particle diameter of about 0.7 pm.
Although phase alone does not satisfy the requirement of a one-to-one
correspondence with diameter, this variable, when coupled with the peak frequency
index, appears piecewise monotonic across each frequency step for calculated
resolution if the collection angle is large enough. The use of frequency and phase
information in the signal collected over a finite, and possibly broad, collection angle
thus provides a single-valued, concise and accurate indicator of droplet size.

The next paragraph is devoted to an example of size measurement by
analyzing the scattered light at the forward angle using FFT, spline method and phase
information as described above.

The recorded signal from the particle with the diameter equal to 104
microns and the refractive index equal to 1.342 illuminated by the incident wave with
the wavelength equal to 0.5145 micron is computed by Lorenz-Mie theory. The optics
configuration used is the same configuration as in the real experiments in ONERA
which measures the scattered light in the range 27-33°. The Nussenzveig’s theory has
been used to compute and compare with the recorded profile.

By applying FFT and spline method to the recorded and computed

forward scattered light and comparing the frequency component of both signals a
continuous range of returns is obtained for a given refractive index. Even if the

forward scattered light depends strongly on the droplet size, the refractive index
however still has an effect. In case when the refractive index is unknown, other
possible size ranges are also obtained as function of the refractive index value. The

size range increases with the refractive index value as shown for example in figures
4.12 and 4.13.
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Figure 4.12: Possible sizes obtained from main frequency analysis for different
assumed refractive index values.
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Figure 4.13: Possible particle diameters extracted by frequency processing versus the
assumed refractive index value.

Figures 4.12 and 4.13 show the possible returns for the size range
versus the refractive index of the droplet which scatters light with the same spatial
frequency as the measured signal. The possible diameter sizes, for example, can run
from 99.7 up to 104.29 microns for a refractive index equal to 1.33. In case when the
refractive index is known to be equal to 1.342, the continuous range of possible sizes
runs between 100.5 and 104.35 (accuracy of about 4-5%) In this possible range of
sizes, only some particles will possess a scattering diagram in phase with the
measured signal as shown in figure 4.14. Figure 4.14 compares the forward scattered
light and its associated FFT spectrum between recorded signals simulated by Lorenz-
Mie as a red line and Nussenzveig’s computed signal as a blue line.
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Figure 4.14: Comparison of the forward scattered light computed by Lorenz-Mie and
Nussenzveig theory and its associated FFT spectrum
(N=1.342, A=0.5145 micron, 2048 poinis).

Taking into account the phase (the recorded signal and the computed
signal must have maxima and minima at the same location), the number of possible
returns is reduced. The continuous return is transformed to several continuous returns:
for N=1.33 only 3 small ranges of diameters are possible; 102.55-102.6, 103.21-
103.34, 103.95-104.06 microns.

From the smallest to the largest of the possible diameters, we obtain an
accuracy of 2%, and for each range of possible diameters the accuracy is better than
0.1%.
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4.1.3 Forward automatic processing based on Nussenzveig’s theory

QOur aim now is to automatically process forward signals. In this
section we will assume that the refractive index is perfectly known. Only the accuracy
of the inversion for the diameter will be studied.

The processing will be performed in two steps. The first step is on
frequency which gives an approximate value of the diameter, the second step is on
phase which will refine the evaluation of the diameter.

The algorithm is discussed below for a test particle with a diameter
equal to 100 microns and a refractive index equal to 1.36.

4.1.3.1 Frequency processing:
As described before, the frequency of the forward signal is a

monotonic function of the particle diameter. The larger the particle diameter is, the
higher the associated angular frequency is. Then we propose to use the Brent
algorithm (see Appendix B) by defining the function F(x) as the difference between
the frequency of the simulated signal and the frequency of the computed signal:
F(x) = fimutated — frompuied-

This function is positive when the computed frequency is
smaller than the simulated frequency, and negative for the opposite case.

The boundaries of the study domain can be arbitrarily
selected. For example, figure 4.16 displays the series of iterations when the
boundaries of the study domain are selected to be 50 pm and 130 pm, with an
accuracy for the solution as small as 0.01 pm. The convergence is obtained in only 7
iterations with a measured size equal to 100.24 microns
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Figure 4.16: Convergence of the Brent method at forward only taking into
account the frequency. The refractive index is assumed to be perfectly known.
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4.1.3.2 Phase processing:

The phase is a non uniform function of the diameter, then the
study domain for the Brent method must be carefully defined. The first step is to
compute the phase between the possible diameters coming from the frequency
processing step and the simulated signal. Then by using the fact that the phase
periodicity is about 0.7 um, a study domain is defined according with figure 4.17.

If the phase (p) is poSitive: dmar = dpequency AN din = drequency — 0.7*(150+p)/360°

.‘_

;

Figure 4.17: Scheme of the phase evolution and definition of duin and dpax used in
Brent method.

If the phase (p) is negative: dmin = dpequency AN Amar = drequency + 0.7*(150-p)/360°

This definition of the Brent domain warrants us to have only
one solution in the study domain. Then in this domain, the Brent method is applied to
a function defined as the phase difference between the simulated signal and the
computed signal. When this function is null both signals are in phase. For the case
under study, figure 4.18 displays the full series of iterations (frequency and phase).
The convergence for the phase is obtained in only 4 steps as shown in green, and the
final measured size is equal to 100.007 microns.
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Figure 4.18: Convergence of the Brent method at forward taking into account
the frequency (in red) and the phase (in green). The refractive index is known.

Then by taking into account frequency and phase, for a
diameter of 100 microns, an accuracy of about 1/10 000 is obtained.

To further test the validity of this approach, different signals
have been simulated by using Lorenz-Mie theory, for diameters running from 30 um
to 100 pm and for refractive indices running from 1.3 to 1.4 by step of 0.02. The
measured diameters are compiled in table 4.1 and plotted in figure 4.19

Table 4.1 The measured diameters by using the developed auwtomatic forward

processing.

efractive
index 1.30 132 1.34 1.364 1.38 1.40

Diameter E
30 pm 29.98 30.002 29.98 30.71 30.04 27.98
40 pm 39999 39.27 40.03 41.41 39.98 42.03
50 pm 50.01 52.23 50.01 50.70 49 97 50.01
60 um 60.00 59.98 39.98 59.99 60.68 60.008
70 um 69.99 70.00 70.73 70.00 T70.68 70.00
80 um 80.00 79.27 80.73 79.31 80.00 80.01

| 90 pm 89.24 90.00 90.00 90.02 90.02 90.00
92 um 91.99 92.00 91,27 90.60 92.68 92.00
94 um 94.00 94.00 94.71 94.00 92.61 92.65
96 um 01.72 96.74 95.29 96.02 96.66 96.00
98 um 98.00 98.00 96.57 96.61 99.37 98.00
100 uym 99.24 99.99 100.69 100.00 99.33 100.00
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Figure 4.19: Measured diameters versus nominal diameters with the refractive index
as a parameter.

The diameters are relatively well measured. Nevertheless, a
close attention shows that some diameters are not perfectly enough measured. These
values are highlighted in table 4.1. For example, the particle with a diameter equal to
96 pm and a refractive index value of 1.30 is measured as 93.72 pm. This is due to
the no unicity of the frequency with the diameter for the configuration under study as
described in figures 4.10 and 4.11. Other diameters, with the same frequency, are in
phase agreement. These diameters, according with the periodicity of the phase
function, are located at ~% | 0.7 pum where | is an integer. Table 4.2 compiles the
number of periodicities used to find the perfect return in diameter. The + symbol
means that the diameter has been increased by about 0.7 um, while the — symbol
means that the diameter has been decreased by about 0.7 pum. The number of symbols
represents the number of times the operators (+ or -) have been applied. Figure 4.20
displays these measured diameters versus the nominal diameters. The agreement is
perfect for all cases under study with an absolute accuracy better than 0.01 pm.



Table 4.2 The number of periods to extract the perfect diameter.

Refractive ]
index| 1.30 1.32 1.34 1.364 1.38 1.40
Diameter
30 um - ++
40 um + - ---
50 um - -
60 um -
70 pm - -
80 um + - +
90 um +
92 um + ++ -
94 um - ++ ++
96 um 4+ - -+ -
98 um _ ++ ++ --
100 pm T A . - +
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Figure 4.20: Measured diameters versus nominal diameters. The parameter is the
refractive index value. Periodicity of the phase has been taken into account.

The conclusion is that a fast, robust and accurate algorithm, based on the
Nussenzveig's theory, has been written which ensures a size measurement with an
absolute accuracy of about 0.01 pm in a large domain of size and refractive index,
when the refractive index is known. The next step is to measure the refractive index
by assuming that the particle diameter is known.




67

4.2 Backward measurement (Rainbow refractrometry)

The temperature and composition are key parameters in the combustion field.
The refractive index is a function of the liquid density as shown in figure 4.21(a). For
this reason the determination of the refractive index allows one to distinguish between
different liquids. Measurement of refractive index allows one to determine
concentration in a mixture of liquids, as can be seen in the example of figure 4.21(b).
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Figure 4.21: (a) Refractive index for hydrocarbon with different number j of carbon
atoms
(b) Refractive index of a sulfuric acid-water mixture as a function of the
mass fraction of sulfuric acid.

Moreover, an increase of iemperature results normally in a decrease of density.
The knowledge of the refractive index allows one therefore to determine the
temperature, as can be seen in figure 4.22. Figure 4.22 shows the dependence of the
refractive index on the temperature for water and ethyl alcohol. It should be
mentioned that for temperature measurements with accuracy of a few degrees, the
refractive index has to be measured with a very high accuracy. For example, to a
change of 1°C for a water droplet corresponds a refractive index change of 0.0002 at
about 20°C or 0.0006 at 100°C.

To measure the refractive index, the most promising approach is based on the
measurement of the rainbow location. This technique has been first investigated by
Roth et al [28], who exploited the dependence of the angular position of the rainbow
on the real part of the refractive index.
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Figure 4.22: The relationship between refractive index and the temperature for water
and ethyl alcohol.

The rainbow is a very common natural phenomenon, which can be observed
when rain and sun are present together. It is one of the most beautiful phenomena in
the nature, which has inspired art and mythology in all people. Rainbow is created by
the “rays” experimenting one internal reflection which is very sensitive to the value of
the refractive index of the particles. This sensitivity to the refractive index explains
the beauty of the natural rainbow [29]. As the refractive index of a product changes
with its temperature, the possibility to extract the refractive index and the particle size
from the characteristics of the light scattered around the rainbow angles has attracted
a lot of researchers.
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2e+5 - Geometric rminbow angle Primary Rainbow
2e+5 - ¢ B,‘) Main rainbow maximum

Scattering Intensity
P
i

115 120 125 130 135 140 145 150 155
Scattering angle in degree

Figure 4.23: Scarttering diagram around rainbow angle computed by Lorenz-Mie
theory (for water N=1.333).
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The exact scattered light around rainbow angle can be computed by Lorenz-
Mie theory. Figure 4.23 shows the angular scattered-light distribution between 120°-
150° according to Lorenz-Mie theory for a wavelength of 0.6 micron. The scatterer is
a spherical droplet with a refractive index equal to 1.333 and a diameter equal to 100
microns. Two zones of high intensity can be easily defined. The primary rainbow,
resulting from the interference between first internal reflections (p=2), corresponds to
angles larger than 137°. The second rainbow is created by the second internal
reflection (p=3) and corresponds to angles smaller than about 130°. The gap between
these two rainbows is called Alexander’s dark band where the intensity is very small
in comparison with the first and second rainbows and mainly dominated by external
reflection. In the first and second rainbows can be distinguished oscillations of low
and high frequencies. The lower frequency oscillations are created by the interference
between the rays with one (or two) internal reflection. For first rainbow, the first
oscillation which has the highest intensity is ealled Main rainbow maximum and the
other supernumerary bows (or Airy fringes). The high frequency fringes are called
“ripple structure”, superimposed on the Airy fringes. These fringes are the signature
of interferences between the light directly reflected at the surface of the particle and
the light internally reflected. The rainbow position predicted by geometrical optic is
noted “8r . The paths of the different rays which create a rainbow are shown in
figure 4.24

Outer ray

Inner ray

Figure 4.24:  Illustration of the scattering modes for first and second rainbows
influencing the intensity in the rainbow region.
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4.2.1 Rainbow by Geometrical optics:

According to Descartes’ theory of rainbows, the angular position & of
the first rainbow is given by the minimum scattering angle of the rays of order two. In
figure 4.24 the limit ray with minimum deflection or minimum scattering angle is
shown. In addition neighboring incident rays are shown with larger scattering angles.
In the vicinity of the ray with minimal deflection the density of the rays is higher,
which results in higher intensity near the rainbow. It is found that minima of the
scattering angle are obtained only for rays with order number p=2. The rainbows
from rays with higher order numbers, however, have fainter intensities. The second
rainbow, which consists of rays of order three, can be observed in nature under
favorable conditions. Scattering angles of the limit ray of order p can be calculated
with equation 4.4. According to the theory of Descartes the angular position of the
different rainbows are given by the relation:

AT

where N is the refractive index of the droplet liquid and p is the order number of the

scattered rays contributing to the rainbow. In nature the first and second rainbows can
be observed. The position of the first and second rainbows is obtained for p =2 and

p =3. Descartes’ theory is based on ray path and therefore independent of droplet

size.
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Figure 4.25: Calculated first rainbow position as a function of refractive index
according to geometrical optics.(A =0.5145 micron).

The dependence of the geometrical optics rainbow position on the
refractive index is shown in figure 4.25. Here the first rainbow location is computed
by using geometrical optics (Descarte’s law): the rainbow position is independent on
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the size. The refractive index runs from 1.3 to 1.5. Changing the refractive index of
about 0.001 (typically 10°C) moves the position of rainbow of about 0.146° for
water. Then the measurement of the rainbow position determines the refractive index
with a high accuracy and therefore the temperature and /or composition of the liquid
droplet.

4.2.2 Rainbow by Airy’s theory:

The theory of Descartes describes the rainbow position with sufficient
accuracy in the range of a millimeter or larger diameter. However, detailed
measurements of the angular position of the rainbow show that for smaller droplets
deviation from Descartes’ theory occurs. The smaller the droplet is the larger the
deviation is. The angular position of the rainbow maxima increases with decreasing
droplet size.

In 1838 George B. Airy developed an extension of Descartes’ theory,
which accounts for the effect of the droplet radius . The rainbow position according to
Airy’s theory is given by:

- -y |
1.0845 AN =D/ip -1) (4.5)

JIN =D i(p* -1y 64 a’

where & represents the rainbow position according to Descartes’ theory, which is
given by equation 4.5, 4 is the wavelength and a is the droplet radius. The theory of
Airy includes Huygens’ principle and curved wave fronts of the light scattered in the
direction of the rainbows.
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Figure 4.26: Calculated first rainbow position as a function of refractive index for
different diameters according to Airy’'s theory.
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The dependence of the angular position of the first rainbow on the
refractive index given by equations 4.4 and 4.5 according to Descartes and Airy's
theory respectively are displayed in figure 4.26. The influence of droplet size on the
position of first rainbow is small for large particle. For increasing droplet diameter the
rainbow position &, approaches 6, and the influence of the droplet size becomes

negligible. For smaller droplets (smaller than 200 pm) the size dependence becomes
more and more important

Van Beeck and Reithmuller [30, 31] try to measure the refractive index
and size of individual droplets by using Airy’s theory. The method is based on the fact
that a change of diameter corresponds to a change in angular distance between
neighbouring rainbow maxima according to Airy’s theory (see figure 4.27) while a
change of the refractive index corresponds to a shift of the rainbow position (figure
4.28).
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Figure 4.27: Scattering diagram around rainbow angle for different diameters
simulated by Airy Theory.
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Figure 4.28: Scattering diagram around rainbow angle for different refractive
indices simulated by Airy Theory.

The seattering intensity depends on the power 7/3 of diameter. Then ,
in order to compare the scattering light distribution for different diameters, the curves
have been normalized to be 1 at the maximum. The comparison of scattering light
distributions for different sizes of droplet is shown in figure 4.27. It is obvious that the
rainbow pattern is changed with the particle size. The bigger the particle is, the
narrower the curve of the first main peak is, and also the smaller the angular distance
between neighbouring Airy peaks is. One important thing to be noticed is that all the
curves have a common point which corresponds to the Geometrical optics rainbow
and which is also very close of the inflection point of the Airy curve in the Alexander
dark band side.

The refractive index change induces a shift of the rainbow location as
shown in figure 4.28. “Then the conclusion is that the absolute measurement of
rainbow position is a measurement of the refractive index while the relative angular
distance between supernumerary bows is a measurement of the particle diameter.

However, the Airy theory does not describe all the rainbow structure.
By comparing the exact scattered light computed by Lorenz-Mie theory in figure 4.23
and the previous Airy predictions it is clear that the high frequency oscillations are
missing. These high frequency oscillations (ripple structure) are created by the
interferences between the externally reflected light and the once internally reflected
light. Then to measure the size and the refractive index by applying Airy’s theory, the
measured intensity distribution has to be filtered in order to eliminate the ripple
structure. But the filtering process induces a modification of the Airy fringes, which
perturbs the measurements as exemplified in figure 4.29 in agreement with
Damaschke [32].
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Figure 4.29: Influence of the ripple structure on the accuracy of refractive index
determination in comparison to signals from pure second-order refraction.

The deviations from the expected refractive index are shown in figure
4.29. The continuous line is the refractive index value used to compute the exact
rainbow distribution, by using Lorenz-Mie theory. The full points correspond to the
extracted refractive index from filtered Lorenz-Mie signal process by Airy’s theory.
The empty points correspond to the extracted refractive index from Debye signal
(p=2) process by Airy’s theory. The deviation increases rapidly for smaller particle,
especially smaller than 100 microns. This is due to the ripple structure which has
higher sensitivity for smaller droplets. In the rainbow signal, especially for small
particles, the ripple structure prevents the exact determination of the rainbow maxima
and reduces the accuracy of the refractive index measurement.

The ripple can be computed by using Lorenz-Mie or Nussenzveig’s theory. Our
strategy is to analyze the rainbow distribution with its full structure (=0 and p=2)
computed as fastly as by Airy and as accurately as Lorenz-Mie, by using
Nussenzveig’s theory.
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4.2.3 Rainbow by Nussenzveig’s theory:

As it has been described and shown in chapter 3, the Nussenzveig’s
theory, taking into account p=0 and p=2 and adding correcting coefTicients, is able to
perfectly enough describe the rainbow pattern including the ripple structure for small
particles.
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Figure 4.30: The comparison of the rainbow light distributions simulated by Lorenz-
Mie and Nussenzveig theory (d=50 microns, N=1.333, A =0.5145 um and 1000

points).

Figure 4.30 shows an example of comparison between full rainbow
distributions simulated by Lorenz-Mie theory and Nussenzveig theory taking into
account the interferences between first internal reflection (p=2) and external reflection
(p=0) for a particle with a diameter equal to 50 microns with a refractive index equal
to 1.333. As can be seen, Nussenzveig approach can predict rainbow pattern
incorporating the ripple structure in good enough agreement with Lorenz-Mie theory
even for small particles. The differences in intensity are due to the higher order rays in
full Lorenz-Mie theory. In addition, when the refractive index is small the first
rainbow is moved to smaller angles. The distance between first and second rainbows
becomes smaller. Then the first rainbow distribution is not created only by the
interferences between external reflection (p=0) and once internal reflection (p=2) but
also from two internal reflections (p=3). For example, when the refractive index is
equal to 1.31, the first and second rainbows are superposed. Furthermore, when the
particle size decreases, the effect of p=3 on the primary rainbow is the reason why the
prediction of the scattered light by Nussenzveig’s theory is not in perfect agreement
with Lorenz-Mie theory, as shown in figure 4.31. In contrast, when the particle has
higher values of the refractive index the primary rainbow is moved to larger angles.
The primary and secondary rainbows are completely separated. In this case the
secondary rainbow (p=3) has no effect on the scattered light of the primary rainbow.
Then using Nussenzveig’s theory taking into account p=0 and p=2 is sufficient
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enough to predict the scattered light around the rainbow angle, as shown in figure
4.32.
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Figure 4.31:The comparison of the rainbow distributions simulated by Lorenz-Mie
and Nussenzveig theories. (d=30 microns, N=1.33 A =0.5145 um and 2048 points).
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Figure 4.32: The comparison of the rainbow distributions simulated by Lorenz-Mie
and Nussenzveig's theories. (d=30 microns, N=1.38 A =0.5145 um and 2048 points).

The previous results show that Nussenzveig’s theory could be
efficiently used to predict rainbow including the ripple structure when the p=0 and
p=2 contributions are dominating. A particular attention will be paid to size and
refractive index value when this condition is not satisfied. The Nussenzveig's
predictions will be introduced in algorithm for aptomatic inversion. This is the aim of
the next paragraph where the accuracy of the approach will be quantified.



4.2.4 Backward automatic processing based on Nussenzveig’s theory:

The processing of the backward signals is related to the research of the
refractive index value, by finding the best fit of a recorded/simulated signal by
Lorenz-Mie with a computed signal by Nussenzveig’s computation.
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Figure 4.33: A backward signal. The diameter is equal to 100 um and the refractive
index is equal to 1.33.

The simulated signal is essentially characterized by a main rainbow
peak (see figure 4.33). Then a way to characterize it is to compute its correlation with
a computed signal. Figure 4 34 displays one Lorenz-Mie signal, three test signals with
the three associated correlations. The simulated signal has been computed in the
Lorenz-Mie framework for a diameter equal to 100 pm and a refractive index equal to
1.33. The test particle scattering diagrams have been computed in the framework of
Nussenzveig’s theory (p=0 and 2) for diameters equal to 100 pm and refractive index
equal to 1.32662, 1.33 and 1.33662 respectively. When the test refractive index is
equal to the researched refractive index the rainbows are located at the same angle
(see figure 4.34(a)) and the maximum of the correlation is located at point 1024 for a
signal digitalized in 2048 points (see figure 4.34(b)). When the refractive index value
under test is larger than the researched refractive index, the rainbow peak is shifted
toward larger angles (see figure 4.34(a)) while the maximum of the correlation is
shifted toward lower points (see figure 4.34(b)).
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Figure 4.34: Test signals and associated correlations.
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Then, at first sight, the location of the maximum of the correlation
looks to be a good candidate to be the f{x) function in the Brent method. Nevertheless,
as exemplified in figure 4.35, due to the ripple structure, the location of the maximum
of the correlation is not @ monotonic and continuous function of the refractive index.
For example, when the refractive index value is larger than 1.33, we expect to have a
maximum of correlation located below 1024 (see figure 4.34) but for N = 1.33084 and
N=1.33095 in figure 4.35, the maximum of correlation appears for points larger than
1024 (1047 and 1051, respectively). Then for a small increase of the refractive index
it jumps to the other size of the target line, as exemplified for ¥=1.33096 with a
maximum of correlation located at 919. This “jumping” behaviour is a general
characteristic of the correlation of signals with ripple as also exemplified by the jump
from 990 to 845 when the refractive index evolves from 1.33292 to 1.33293.
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Figure 4.35: Behaviour of the maximum of correlation for signals with ripple.
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This approach fails relatively often and finally cannot be used. A
second way is to compute the integrals of the correlation before and after the
maximum of the autocorrelation (here between 1-1024 and 1024-2048). These
integrals correspond to the area in red and blue in figure 4.36.

450

400 -

350 4

Correlation intensity
8

250

200
0 500 1000 1500 2000

Point number

Figure 4.36: Definition of the integral criterion.

With this criterion, for the example of figure 4.35, the values obtained
are compiled in table 4.3. Monotonicity and continuity are now satisfied. Then the
integral of the correlation is a better candidate than the maximum of the correlation to
be the f(x) function in the Brent method, f{x) = Area of the correlation [1 to 1024] -
Area of the correlation [1024 to 2048].

Table 4.3 The behaviour of the correlation integral.

Refractive index _ Blue integral Red integral
1.33 0.501 0.499 |
1.33084 0.514 0.486
1.33101 0.517 0.483
1.33286 0.554 0.446
1.33298 0.557 0.443




80

—— Lovenz-Mie, N =1.33
— Humsaveg, N = 12914

REE

Correlation lntemity

Normallzed scatiersd Intenslty

:

o 500 1000 1300 000

136 137 18 13 140 141 a2 Polnd Number

Scatiering angle in degree

Figure 4.37: Comparison of a Lorenz-Mie signal with a test signal with a very bad
evaluation of the refractive index and the associated correlation.

Nevertheless, if the test value for the refractive index is too far from
the target value some disagreements can appear as illustrated in figure 4.37 where the
integral criterion is also equal to 0.5. As a consequence, the range of refractive index
is selected as the refractive index value corresponding to the geometric rainbow at the
maximum of the no filtered rainbow minus 0.03,

The convergence problem looks to be solved, but a refined analysis
displays some residual oscillations expectedly coming from the ripple structure.

Another step is then to reduce the ripple structure by a FFT filtering
(the same filter will be applied to the signal and to the test), and afterward to apply the
correlation integral procedure.

Figure 4.38: Filtered signals and correlation.
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This procedure is exemplified in figure 4.38. The original signal
corresponds to a droplet with a diameter equal to 100 pm and a refractive index equal
to 1.33, computed with 2048 points. For these values, the original automatic backward
processing fails. Figure 4.38(a) displays the same original signal with and without a
filtering. The corresponding correlations, for different degrees of filtering, are plotted
in red in figure 4.37(b). The filtering reduces the ripple in the scattering diagram with
the consequence to reduce it in the correlation. The signal is successfully processed
for integer frequency (j) limits lower than 13. Table 4.4 compiles the refractive index
values extracted by integral procedure on filtered signal. The stability of the returns as
well as their validity is impressive.

Table 4.4: Effect of the filtering on the extracted refractive index value. The diameter
is assumed to be perfectly known.

Filtering Refractive index by integral
J=13 impossible
J=12 1.32993
=1 1.32992
J=10 1.32992
J=9 1.32992

J=8 1.32992

= - 1.32992

J=6 1.32992

J=5 , 1.32992

J=4 1.32992

J=3 1.32991

| J=2 1.32990

A next step is to test the sensitivity of the algorithm with respect to the
value of the particle diameter. The same data files have been processed but for
different possible diameters. The effect of an inaccuracy of the diameter on the
refractive index measurement, is-illustrated by table 4.5.



Table 4.5 The sensitivity of the backward procedure to the test diameter.

Original Backward guest | Backward measured
diameter diameter refractive index

99.6 99 1.38016
93.28 93 1.38059
84.94 85 1.38000
103.4 103 1.37958
95.2 95 1.38036
104.72 105 1.37991
110.86 111 1.37994
91.74 92 1.38038
82.36 82 1.37958
84.82 85 1.38036
94.56 95 1.37951
94.92 95 1.38068
102.06 102 1.38000
90.84 91 1.37987
88.18 88 1.37990
101.44 101 1.38007
79.98 80 1.38019
83.81 £ 84 1.38000
100.92 101 1.38027

| 100,22 100 1.37962

Then the series of iterations is displayed in figure 4.39. The procedure
converges in 24 steps which can be sorted in two groups. The first group, marked with
triangles, corresponds to the first 13 iterations, determines a range of refractive index
in agreement with the lower and larger recorded angles while the second group,
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marked with circles corresponds to the processing of the first rainbow peak by
integral of the correlation (in blue).
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Figure 4.39: Series of iterations to determine the refractive index for a droplet
with a diameter equal to 100 pm and a refractive index equal to 1.38.

In conclusion, when the particle diameter is known, the refractive index can be
measured by predicting the rainbow in the Nussenzveig’s framework. With a
processing based on equalizing the two partial integrals of the correlation, the
accuracy of the refractive index measurements achieves the fourth decimal place.

A next step is to simultaneously measure the size and the diameter by
processing a dual signal i.e. a couple of signals corresponding to a forward and a
backward recording. It is the aim of the next section.
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4.3 Automatic dual processing of forward and backward signals.

4.3.1 Dual processing of simulated signal

The automatic dual processing is fundamentally the succession of the
algorithms developed to process the forward and backward signals. It aims to finding
the best fit of a recorded/simulated signal by Lorenz-Mie's theory with computed
signal by Nussenzveig’s theory for both sides of the scattering region. Starting from a
guest value of the refractive index, a first estimation of the diameter is carried out by
using the frequency/phase algorithm described in section 4.1. This value of the
diameter is used by the backward correlation algorithm described in section 4.2 to
obtain a first estimation of the refractive index. The procedure is repeated up to the
convergence of diameter and refractive index values with the requested accuracy. The
succession of iterations is exemplified in figures 4.40 and 4.41 for a particle with a
diameter equal to 100 pm and a refractive index equal to 1.38. Figure 4.41 displays
only iterations on the refractive index. Three loops have been necessary to converge
to a measured diameter equal to 99.99 um and a measured refractive index equal to
1.3802, corresponding to about 50 iterations.
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Figure 4.40: lterations to find both the particle diameter and refractive index.
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Figure 4.41: Idem as figure 3.50 but only the iterations on the refractive index are
plotted.

To validate the dual processing algorithm and quantify its accuracy,
dual signals have been computed by using the Lorenz-Mie theory for a refractive
index equal to 1.38 and diameter randomly generated. The results are compiled in
table 4.6. Table 4.6 possesses 3 columns. The first column corresponds to the
diameter used for the Lorenz-Mie computations. The second and third columns
compile the measured diameter and refractive index obtained by the dual algorithm
without assumption. As for Table 4.2, the — and + correspond to an extra “jump” of
about 0.7 pm.

A first observation is that the measured refractive index by the dual
algorithm is as accurate as the refractive index measured with only the backward
algorithm (size assumed to be known). This observation can be quantified as follows:
to backward processing (column 3, table 4.5) corresponds an average refractive index
equal to 1.38005 with a standard deviation s=3.2e-4 while at the dual processing
(column 3, table 4.6) corresponds an average refractive equal to 1.38005 with a
standard deviation equal to 5= 3.2e-4, i.e. for the same values .

The simultaneous determination of the diameter and of the refractive
index has no effect on the refractive index measurement quality.

A second observation is that the diameter can be measured with an
extremely high accuracy as demonstrated by the comparison between the value of
column 1 and column 4.
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Original Forward and Forward and
diameter backward measured | backward measured

(pm) diameter refractive index
99.6 99.60 (+) 1.38024
93.28 03.28 (++) 1.38019
84.94 84.96 1.37982
103.4 103.45 1.3796
95.2 95.15 (-) 1.3804

| 104.72 104.76 1.37992
110.86 110.85 (+++) 1.38006
91.74 91.71 1.38031
82.36 82.39 1.37966
84.82 84.83 1.38035
94.56 94.63 1.37944
94 92 94.83 1.38077
102.06 102.03 1.38012
90.84 90.83 (-) 1.38005
88.18 88.19 (+) 1.37981
101.44 101.45 (+) 1.38008
79.98 79.97 1.38018
83.81 83.81 1.38006

' 100.92 100.90 1.38027
100.22 101.24 (-) 1.37964

This method is therefore found to be robust, and then it will be used in
the full procedure of inversion where both parameters (the size and the refractive
index) have to be simultaneously determined.

Nevertheless, in reason of the large number of evaporation experiences
carried out with ethanol, for example at ONERA-Toulouse, a special attention will be
dedicated to this product. Table 4.7 compiles the results of dual inversion carried out
on a series of particles. The original diameter series is the same as for table 4.6 and
the original refractive index was equal to 1.364.
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Table 4.7 Study of ethanol measurement (N=1.364).

| Forward and backward
Original diameter (um) Fo:;:zr::dd'i]::tm:rd mﬂsurie:d:il‘racﬁve |
99.6 1 99.58 Il 136418
93.28 93.29 + 5 1.36453
84.94 85.03 | 1.36299
103.4 103.38 - 1.36432
95.2 95.19 1.36430
104.72 104.72 - 1.36399
110.86 RN 110.87 ] 1.36375
B 91.74 91.82 - 1.36314
82.36 82.31 1.36504 **
1 84.82 ’ 84.88 - 1.36296
[ 94.56 94.63 | 1.36298
! 94.92 94.91 1.36441
102.06 102.03 - 1.36386 R
r 90.84 90.82 - 1.36376
88.18 88.14 | 1.36397
101.44 10138 1.36494
| 79.98 | 80,00 + ] 1.36413
1 83.81 83.76 1.36523
l, 100.92 | _100.88 1.36471
| 100.22 1 100.22 + 1.36447 |

The average measured refractive index is equal to 1.364083 with a
standard deviation equal to 6.8e-4. The shift from the expected value is more
important than for the other cases (water 1.33 and fuel 1.38) as well as the standard
deviation. The cause of this *mistake’ is to be researched from a deep understanding
of the scattering process. Figure 4.42 compares the scattering diagram computed by
using the Lorenz-Mie theory and the Debye theory (limited at p=0, 1, 2) for a particle
with a diameter equal to 82.36 um and a refractive index equal to 1.364, The
difference between the two predictions is larger than for the other cases (see figure
4.42 for an other example). The origin of this difference of behaviour could be
attributed to the effect of higher order rays. Indeed for a refractive index equal to
1.364 the first rainbow is located at 142.22° but the p=6 and p=11 rainbows are
located very close to 145.26° for the fifth rainbow and 142.22° for the p=11 rainbow.
This assumption is supported by table 4.8 which compiles measured refractive index,
for different particle diameters and refractive indices. The first column corresponds to
ethanol (N=1.364) but the scattering diagrams to process have been computed in the
framework of Lorenz-Mie theory or Debye theory for p up to 2 or 11. The sensitivity
of the measured refractive index to the number of terms in the Debye series confirms
the assumption of an effect of rainbows of high order on the scattering diagram. The
analysis of the results compiled in table 4.9 gives the same conclusion.
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Figure 4.42:Comparison of the scattering diagram computed by using Lorenz-Mie
theory and Debye theory (p=0.1 and 2) for a diameter equal to 82.36 um and a
refractive index equal to 1.364.

Table 4.8: Automatic processing of backward signal filtered with j = 11. The
diameter is assumed perfecty knawn.

Refracti
i e | 1364 1.364 1.364
Diameter( (Lorenz-Mie) (Debye, p=2) | (Debye, p=11)
100 1.3643 1.3640 1.3644
98 [ 1.3644 1.3640 13638
96 1.3640 1.3640 1.3639
94 1.3640 1.3640 1.3639
92 13641 1.3640 1.3640
[ 90 1.3640 1.3640 1.3604 |
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Figure 4.43: Comparison between Lorenz-Mie and Debye predictions for a particle
with a diameter equal to 100 um (a) for N=1.364 (b) for N=1.38.
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Table 4.9: Processing of signals computed for N=1.364 by Debye s theory for p=0, |
and 2. The average measured refractive index is equal to 1.364036 and the standard
deviation is equal to 5=3.9e-5.

Forward and Forward and
Original backward backward Phase
diameter (um) | measured diameter | measured refractive
(pm) index
99.60 99.60 1.36404 -3.0
| 93.28 93.29 1.36402 -0.3
84.94 84.95 1.36399 -4.0
103.40 104.80 1.36408 -4.0
- 95.20 95.20 1.36403 -4.0
104.72 104,73 - 1.36405 | 0.6 |
110.86 - 110.85 1.36407 | 6.7
91.74 9315+ 1.36410 3.0
82.36 82.37 1.36398 -5.0
84.82 84.83 1.36400 -4.0

The possibility to process computed dual signals to extract the couple diameter/refractive
index is proved by the results presented before.

The next step is to process real experimental signals. [t is the aim of the
next section.




4.3.2 Dual processing of experimental signals.

ONERA-Toulouse provides us with series of experimental data
recorded on their setup. The measurements have been carried out on lines of droplets
created by a monodisperse generator. Figure 4.44 is a view of the experimental set up.

Figure 4.44: The ONERA experimental setup.

The important fact is that the forward scattering diagram and backward
scattering diagram are recorded for individual particles with a good quality, as
exemplified in figure 4.45.
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Then the dual algorithm introduced in the previous section was applied
to the original forward signal and to the filtered backward signal. An example of
agreement between the dual original signal and the Nussenzveig test dual signals is
displayed in figure 4.46.
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Figure 4.46: Comparison between experimental ONERA signals and the best
Nussenzveig fit.

The procedure has been applied at five series of 50 individual
measurements. Each series corresponds to a given distance from the orifice of the
monodisperse droplet generator. The liquid temperature at injection was equal to
22°C while the air temperature was equal to 23°C. The measurements have been
carried out at 30, 35, 40, 45 and 50 mm from the orifice.

Figure 4.47 plots the measured refractive index versus the measured
diameter. The two returns with the closest distance to the experimental recording have
been selected. This multiple return is due to the non unicity of the frequency and
phase relatively to the diameter for this experimental configuration as extensively
explains before. Nevertheless, this fact has no real influence on the quality of the
experimental results. A first remark is that all points, excepted one are perfectly
aligned. A second remark is that the two series of points are perfectly parallel then
they give the same information, and we can claim that the measurement of the
refractive index versus the diameter is possible on a range corresponding to a
modification of the diameter smaller than 0.2 pm and for an evolution of the
refractive index of about 0.002, as shown in figure 4.48 which is only an arbitrary
selection of a part of figure 4.47.
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Figure 4.47: Measured refractive index versus measured diameter, from ONERA
experimental results.

For ethanol, the refractive index information can be transformed to
temperature information via the following law:

N= 1.371526-3.7976 10-6 T (4.6)

For the case ol ethanol spray, the droplet temperature has been
measured with cooling process from 23°C at 30 mm apart from the orifice to 18°C at
50 mm apart from the orifice. These data permit a measurement of the evaporation
rate of the droplets.
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Figure 4.48: Measured correlation refractive index/size.
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4.4 Classical rainbow limitations

The previous section is based on the assumption that the droplets are perfectly
homogeneous and spherical. This section discusses what happens when this
assumption is not satisfied.

4.4.1 Particles with radial gradients.

To evaluate the effect of a non-homogeneous and non uniform
distribution of the refractive index inside a particle, a theoretical model must be used,
which must give the possibility to compute the scattered light for a range of size of
interest (typically from 50 to 200 pm). In this paper, the reference computations will
be carried out in the framework of the Lorenz-Mie theory for multilayered spheres.
The computational algorithms have been previously described by Wu et al [33].

The refractive index inside the particle is defined by the refractive
index at the particle center, N. , at the particle surface, N; , and by a transitional law
between these two points. In this paper, the following law is used:

N(@) = Ni +(Ni — Nyx &=L (4.7)

e -1

where x is the dimensionless distance from the particle center. The parameter b
governs the bent of the function. It depends mainly on the nature of the experiments
(heating or cooling), and usually evolves during a process.
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Figure 4.49: Examples of radial gradients. The parameter is the value of the
coefficient b.
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Figure 4.49 displays the radial profiles of refractive index for different
values of the parameter 5. When b is positive the gradient is strong at the surface
while when b is negative the gradient is strong at the center. The slope of the gradient
is directly proportional to the modulus of b. Specifically, relying on several
simulations from an evaporation model [34], b is set to 1.9, in the case of a droplet
cooling (injection temperature 51°C, ambient temperature 20°C) which are realistic
values when the measurements are carried out at a sufficient distance from the
injector.

In order to determine the number of layers required to simulate a
continuous gradient, computations have been carried out for a 100 pm diameter
particle with N equal to 1.33, N; equal to 1.36 and b equal to 2. The number of layers
has been varied from 10 to 1280. Figure 4.50 displays the scattering diagrams around
the rainbow angle predicted from a Lorenz-Mie multilayer code while figure 4.51
displays the scattering diagram for the same case, but in the forward direction. From
these two figures, it 15 concluded that 100 layers are sufficient to predict accurately
enough the scattering diagrams both in forward and backward directions, including
the rainbow ripple structure in frequency and phase. The low frequency evolution of
the intensity is not investigated in this paper because it is more difficult to
experimentally record.
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Figure 4.50: Scattering diagram around the rainbow angle for a particle with
radial gradient. The parameter is the number of layers.



]

2.5e+5
| 40 La
yers
—— EO Layers
2.0e+5 1 160 Layers
320 Layers
| i 640 Layers
1.5e+5 [l | — 1280 Layers
E (AT
2 ’ |
S 1.0¢t5 ‘I
E A | i
5.0e+4 4 i | -
0.0
30 35 a0 45 50

Scattering angle in degree

Figure 4.51: Scaitering diagram in forward direction for a particle with
radial gradient. The parameter is the number of layers.

Figures 4.52 and 4.53 compare the scattering diagram for a
homogeneous particle and for a non-homogeneous particle, in forward and backward
regions respectively. The computation parameters are: a particle diameter equal to 100
microns illuminated by a plane wave with an incident wavelength of 0.5145 micron, a
refractive index of 1.36 for homogeneous particle or N, equal to 1.36 and N; equal to
1.328 with b equal to 2 for non-homogeneous particle. Both cases have been
computed in the framework of the Lorenz-Mie theory for multilayer spheres. In figure
4.52, the frequencies of the signal for the two cases are nearly identical, but the phase
between them and the intensity are modified. Figure 4.53, in backward, around the
rainbow angle, shows that the signal is shifted. The intensity and location of the ripple
fringes are also modified. An important fact is that, when b is positive, the position of
the rainbow corresponding to the particle with a gradient is not between the position
of the rainbows for the minimum and maximum of refractive index values but larger
than the position of the rainbow for the maximum refractive index. On the opposite,
let us mention that, when b is ncgative, the position of the rainbow corresponding to
the particle with a gradient is between the position of the rainbow for the minimum
and the maximum of refractive index values. Naturally, the rainbow position is a
function of the refractive index at the center, at the surface and of the gradient shape
(coefficient b in this paper).
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Figure 4.52: Effect of a gradient on forward scattering diagrams. Comparison
between the forward scatiering diagram for a homogeneous particle (N=1.36 and
d=100um) and non-homogeneous particle (d=100 pm, N. =1.36, N, =1.328 and
b=2). The incident wavelength is equal to 0.5145 pm. The frequency of the signal is
essentially unaffected.
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Figure 4.53: Effect of a gradient on backward scattering diagrams. Comparison
between the backward scattering diagram for two homogeneous particles (d=100
pum, N=1.36 or 1.328) and for a non homogeneous particle (d=100um, N. =1.36,N,
=1.328 and b=2). The incident wavelength is equal to 0.5145 um. The rainbow is
shifted, and for a positive value of b, the rainbow for the particle with gradient is not
located between the rainbows for the two extreme refractive index values.
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Figures 4.54 and 4.55 exemplify the sensitivity of the rainbow location
with respect to the refractive index gradient. Figure 4.54 is devoted to the effect of
coefficient b on the rainbow location while the effect of surface refractive index
value, for a constant value of b equal to 2, is shown in figure 4.55. In figure 4.54, all
the computations correspond to a particle with a diameter equal to 100 microns
illuminated by a plane wave with an incident wavelength equal to 0.5145 micron. The
refractive index at the center is the largest and is equal to 1.36 while, at the surface,
the refractive index is equal to 1.315. The coefficient b runs from -4 to 6. As b
increases from -4 to 4, the first rainbow location is shifted to larger angles (from 138°
to 148°) while the second rainbow is shifted to smaller angles (from 132 down to
115°). Let us note that for b=6 the light distribution is essentially the same as for b=4.

Figure 4.55 displays computations for a particle with a diameter equal
to 100 microns and the beam incident wavelength is equal to (.5145 micron. The
value of b is a constant equal to 2. The refractive index at the center is fixed to 1.36,
while the refractive index at the surface is equal to 1.36 (homogeneous case), 1.356,
1.315 and 1.296 respectively. When the difference between refractive indices at the
center and at the surface is increased, for b positive, the primary rainbow location is
shifted to larger angles. The second rainbow is shifted to smaller scattering angles.
The stronger the gradient is, the larger the shift is. In contrast, when b is negative, the
primary rainbow loeation is shifted to lower angles.

In cases when the refractive index at the surface is larger than the
refractive index at the center. the rainbow location for non-homogeneous particles
will be smaller than the rainbow location corresponding to the refractive index at the
center (minimum refractive index). for positive values of b, while for negative values
of b, the rainbow location for non-homogeneous particles will be between the location
of the rainbow for the minimum and for the maximum of refractive index values.
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Figure 4.54: The scattering diagrams show the effect of coefficient b on rainbow
location. (For wavelength=0.5145 micron, particle diameter=100 microns, N.=1.36
and N,=1.315 for 100 layers).



98

1.Betd o
homogeneous (W = 1.36)
1.6e+3 non homogeneous (b=2, Na =1.356 and Ne =1.36)
non homogeneous (b=, Na =1.315 and Nc =1,36)
o 1 det5 non homogeneous (b=2, Na=1.296 and Me=1.36)
B 12005 1
2 1.0et5 -
@ 8.0e+d o
ar
£ 6.0c+ ~
=
= 4.0etd -
]
un
2 0e+4
0.0
a0 100 1o 120 130 140 150 160

Scattering angle in degree

Figure 4.55: The scattered light distribution for different values of the refractive
index at the surface with a constant value at the center equal to 1.36 (wave length
=0.5145 micron, particle diameter=100 microns, N.=1.36, b=2 and 100 layers).

Search for an equivalent particle

In the case of homogeneous particles it has been shown that the
Nussenzveig’s theory can satisfactory predict the scattered light in agreement with
Lorenz-Mie theory by taking into account the external reflected light (p=0), the
refracted light (p=1) and one time internal reflected light (p=2) (see previous sections
or [35]. In the case of non-homogeneous particles, a challenge is to exhibit an
equivalent homogeneous particle with identical scattered light properties (if this
equivalent particle exists).

In order to find the refractive index and the particle size of the
equivalent homogeneous particle which possesses a scattering diagram close to the
one for a non-homogeneous particle, the intensity distribution from the particle with
gradient is simulated by Lorenz-Mie's theory for multilayered particles and then
compared to the intensity distribution from a homogeneous particle, simulated by the
Nussenzveig’s theory, in forward and backward regions. The processing scheme is the
dual processing introduced in section 4.3 which is recalled as follows.

Firstly: For an arbitrary refractive index, the Fast Fourier Transforms
(FFT) of the forward scattering diagram (between 30-50°) for homogeneous and non-
homogeneous particles are compared. The diameter of the homogeneous particle is
adjusted to obtain the same frequency contribution as for the non-homogeneous
particle under study. This process provides a relatively large range of admissible
particle diameters.
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Secondly: For the admissible diameter range, the refractive index is
adjusted to obtain the same location of the main rainbow peak as for the non-

homogeneous particle.

Thirdly: The particle diameter and refractive index are adjusted to
obtain an agreement in frequency and phase [3,36] in forward and backward regions,
including the ripple structure.

Figure 4.56 is an example of scattering diagrams computed by Lorenz-
Mie’'s theory for a multilayer sphere (d¢=100 pum, N=1.36, N;=1.352, b=2) and by
Nussenzveig’s theory at forward angles (in figure 4.56(a)) and around rainbow angle
(in figure 4.56(b)). The scatiered light for the non-homogeneous case can be
satisfactorily fitted by the scattered light from a homogeneous particle in terms of
frequency and phase. The equivalent particle diameter is found to be equal to 100.07
microns and the equivalent refractive index is found to be equal to 1.361.
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Figure 4.56: Comparison of the scattered light beiween Lorenz-Mie s computations

Jor a multilayer particle (diameter=100 microns, refractive index at the center=1.36

and at the surface=1.352, b=2) and Nussenzveig's compulation for a homogeneous
particle (diameter=100.07, refractive index=1.361) (a) in forward region (b) in

backward region.
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Figure 4.57: Comparison of the scattered light at primary and secondary rainbows
Jor non-homogeneous particle and equivalent homogeneous particle.
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Figure 4.57 compares the scattered light around rainbow angie
computed by Lorenz-Mie’s theory for multilayered spheres for non-homogeneous
particles and by Lorenz-Mie’s theory for homogeneous spheres with the parameters
(size, refractive index) describing the equivalent particle in the Nussenzveig’s theory.
Two cases of non-homogeneous particles having the same diameter (100 microns)
and refractive index at the center (1.36) have been studied. For one case, the particle
has the refractive index at the surface equal to 1.344 with b equal to 2. For the other
case, the particle has the refractive index at the surface equal to 1.315 with b equal to
6. The results show that even when the gradient is stronger at the surface or the
evolution faster (higher value of b) we can find a scattered light distribution of an
equivalent homogeneous particle fitting well enough the scattered light distribution
for non-homogeneous particles. Moreover, not only the primary rainbow of a non-
homogeneous particle can be fitted by the one of a homogeneous particle but the
statement remains true for the secondary rainbow. Then the second rainbow provides
the same information as the first rainbow.

The aforementioned procedure has been applied to different
multilayered particles. In this study, the refractive index at the center is set to a
constant value equal to 1.36. Refractive indices at the surface are taken to be 1.359,
1.358, 1.356, 1.352, 1.344, 1.328, 1.315, 1.305 and 1.296. Also the coefficient b is
assigned the values: -4, -2, 1.5, 2, 2.5, 3, 4, 6, i.e. 60 cases are studied. For each case,
couples of equivalent refractive index and diameter for homogeneous particles are
extracted.

Let us first note that the diameter of the equivalent particle is nearly
constant (about equal to 100 pm), nearly independently of the gradient amplitude and
shape. Therefore only the equivalent refractive index is studied. The results are
compiled in figure 4.58 where the equivalent refractive index is plotted versus the real
surface refractive index N,

The results in figure 4.58 can be sorted in two families depending on
the value of the parameter 5. When b is positive, the equivalent refractive index is
always larger than the largest real refractive index (1.36) while, when b is negative,
the value of the equivalent refractive index is intermediary between the values at
surface and at center. Furthermore, the relationship between the equivalent refractive
index and the surface refractive index is essentially linear, with the slope coefficient
depending on b.
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Figure 4.58: The relationship between the equivalent particle refractive index and the
real surface refractive index with different values of b.

In conclusion, when rainbow refractrometry is applied to particles having a radial
gradient an equivalent refractive index is measured. The equivalent refractive index
is a function of the refractive difference between the refractive index at particle
center and the refractive index at its surface, including the evolution law between
the surface and the centér. To extract the gradient complementary techniques have
to be used as Laser Induced Fluorescence (sensitive mainly on the center) and
infrared technique (sensitive only to the surface).
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4.4.2 Deformed particles.

In complement of the ripple structure, a strong limitation of the
classical rainbow technique is that the scattering particles are assumed to be perfectly
spherical but a small non-sphericity can dramatically modify the rainbow location,
that is to say the temperature (composition) measurement. The computation of the
light scattered by non-spherical particles is more difficult than for spheres.
Nevertheless, during these last years advances have been realized which permit to
compute the scattering of light by spheroids with relatively large size [37,38]. For
example figure 4.59 displays scattering diagrams for a particle with a diameter of
about 40 pm and with the ellipticity as a parameter. Three cases have been studied
corresponding to an ellipticity equal to 0.97, 1.01 and 1.03. The major effect of a non-
sphericity is to shift the rainbow position.
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Figure 4.59: Effect of a non sphericity on the rainbow location.
(a): original scattering diagrams, (b): filtered scattering diagrams.

Figure 4.60 displays a study of the behaviour of the shift versus the
ellipticity for a particle with a diameter equal to about 40 um. Figure 4.60(a) displays
the location of the mean rainbow peak and of the first two supernumerary peaks
versus the ellipticity while figure 4.60(b) compares the shift of the mean rainbow
peak, extracted from the rigorous numerical results displaied in figure 4.60 (a), with
the predictions of the Moebius’s theory, which is an approximate theory developed in
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the framework of geometrical optics for large particles. The conclusion of these
studies is that the Moebius theory is an appropriate tool to understand the major
effects of non sphericity on the rainbow of small particles.
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Figure 4.60: Shift of the rainbow position versus ellipticity.
(a): Position of the main rainbow peak (red circles) and
of the two first supernumerary peaks versus ellipticity.
(b): Comparison of the rainbow shift as numerically predicted
by Moebius.

To eliminate non-sphericity effects, the global rainbow technique has
been introduced by van Beeck et al in 1999 [39]. This technique is introduced in the

next paragraph.
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While, when the gradient is strong at the surface of the particle, the
measured refractive index is always higher than the maximum refractive index value
any where inside the particle. This effect is a clear signature of the presence of a
gradient.

The complete characterization of the gradient will ask for
complementary information which could be obtained from numerical codes or other
experiments as LIF which is more sensitive to the center of the particle or Infra-red
imaging which is only sensitive to the surface temperature of the particle.

In the case of cloud of droplets, only backward scattered light is
processed. By using non-negative least square method (nnls) with scattered light
computed by Nussenzveig’s theory and minimizing the distance between the recorded
and the computed global rainbow distmbution, a mean refractive index and a size
distribution are extracted. The inversion time is smaller than 1 s, giving the possibility
to follow the temperature evolution of a section of spray under combustion for
example. From the numerical simulations, the accuracy of the refractive index
measurement is of about 0.001 to 0.0001, the extracted size distribution is not perfect
but good enough to display the main characteristics of the spray.

The next siep is to develop an experimental global rainbow set up to
measure temperature and size distribution. It is the aim of the next chapters.



CHAPTER YV

GLOBAL RAINBOW PRINCIPLES AND
APPLICATIONS BY USING NUSSENZVEIG’S THEORY

In the previous section, the improvement of rainbow signal processing permits
to accurately measure the size and refractive index of mono-disperse droplets. Then
the evaporation rate is obtained. However, in a real spray, the spray is not created as a
line of droplets. Then the previous approach cannot be used. Therefore, the global
rainbow technique has been applied to measure the temperature and mean size of the
droplets in the spray which is the key parameter in the combustion field.

5.1 Global rainbow Principle.

The global rainbow technique is based on the analysis of the light scattered
around the rainbow angle due to an assembly of particles. Generally, this technique
uses the same physical principle as rainbow refractrometry. Nevertheless, the
recorded light is not issued from one particle but correspond to collaborative
scattering of a large number of particles. The global rainbow pattern is characterized
by a main peak and followed by a tail as displayed in figure 5.1. The location of the
main peak depends essentially on the refractive index value while its shape depends
on the size distribution. The main advantages of the global rainbow technique are:

I. Suppression of the ripple structure: for spheres, as the ripple structure is
very sensitive to the particle size, adding the contribution of a large number
of particles removes this siructure.

2. No effect of non spherical particles: for non spherical particles, according
with the Moebius theory, if the orientation of the particles in the spray can
be assumed to be described by a random law, the contribution will be only a
uniform background.
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Figure 5.1: An image and the scattered light of global rainbow.
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The global rainbow pattern is obtained by adding together several amounts of
scattered light by individual droplets. To compute global rainbow diagrams in the
framework of the Lorenz-Mie theory, the procedure is to compute a series of
individual scattering diagrams, here for size distributions defined by a Gaussian
random law and then to sum up the contributions. To obtain a smooth curve it is
necessary to sum up about 1000 individual particles. Figure 5.2 exemplifies this
process.
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Figure 5.2: (a) Global rainbow signal with the number of particles as a parameter
(red 20, green 100, blue 1000).
(b) Number of particles by diameter. The size distribution parameters
are identical for the three cases.

As previously described, the Lorenz-Mie theory is the most rigorous theory
but it is also the most time consuming. For practical applications it is important that
we are able to compute global rainbow patterns with the same accuracy as by using
Lorenz-Mie theory but about 500 times faster by using Nussenzveig theory. Then a
code to predict the global rainbow patterns has been written in DELPHI, based on the
corrected Nussenzveig’s theory.

Figure 5.3 displays the code interface consisting in three main parts:

1. The inputs for computations

2. The outputs: direct visualization and saving in files for later use

3. Some numerical- flags to check the applicability of the Nussenzveig's
theory.
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Figure 5.3: Example of global rainbow computation. The important fact is the
differences at large scattering angles between corrected Nussenzveig's predictions
and Airy predictions.

Figure 5.4(a) displays the predicted global rainbow patterns computed by
Nussenzveig theory and by Lorenz-Mie theory for the size distribution shown in
figure 5.4(b), for water droplets (N=1.33-0.0i). In figure 5.4(a), 3 regions can be
defined:

1. scattering angle smaller than 136°

2. scattering angle between 136 and 143°,

3. scattering angle larger than 143°

Within the central region, for scattering angle from 136° to 143°, the
agreement between the different curves is essentially perfect. It reveals that Lorenz-
Mie’s predictions, Airy’s prediction’s and Nussenzveig’s predictions with or without
correcting -coefficients are in agreement. For, larger scattering angles, Airy’s
predictions and, Nussenzveig's predictions without correcting coefficients exhibit
consistent scattered intensity but higher than that of the Lorenz-Mie theory. On the
contrary, Nussenzveig’s predictions with correcting coefficients agree perfectly with
Lorenz-Mie’s predictions. In the third region representing the scattering angles
smaller than 136°, the disagreement between Lorenz-Mie’s predictions and Airy-
Nussenzveig’s predictions is large because this region is essentially dominated by the
second rainbow. The Nussenzveig theory can also predict the light scattered by
higher order rainbows. Then the same procedure to find correcting coefficient as
introduced in chapter 3 can be applied for the second rainbow to obtain an accurate
and fast description of the light scattered at these angles.
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However, in this thesis, we are interested in products having high values of
refractive index in which the first and second rainbows are completely separated. As a
consequence, the prediction and analysis of global rainbow patterns can be carried
out in the framework of Nussenzveig’s theory with correcting coefficients taking into
account only p=2 rays.
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Figure 5.4: (a) Comparison between global rainbow prediction by Lorenz-Mie's
theory, Airy's theory and Nussenzveig's theory adding correcting
coefficients and without any correcting coefficients.

(b) The size distribution corresponding to the global rainbow patterns

in figure 5.4(a).
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As for the rainbow for one particle (see section 4.2) the global rainbow pattern
also depends on mean diameter, size distribution and the refractive index. Figure 5.5
presents the effect of mean diameter on the global rainbow pattern, while figure 5.6
shows the effect of size distribution. It is evident that global rainbow pattern is
changing with the mean size and size distribution. In figure 5.5, the change of mean
diameter mainly affects the width of the first peak. The larger the mean diameter is,
the narrower the width of first peak is. On the contrary, in figure 5.6 the change of
size distribution mainly affects the tail of the global rainbow pattern, and has little
effects on the first peak. Finally, figure 5.7 displays the effect of refractive index on
the global rainbow pattern. An increase of the refractive index value translates the
global rainbow pattern to larger scattering angles.
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Figure 5.5: Behavior of the global rainbow signal simulated by Nussenzveig's theory.
(a): displays three size distributions with the same width. (b): displays the associated
global rainbow patterns. The main effect is the width of the first peak.
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Figure 5.6: Behavior of the global rainbow signal. (a): displays five size distributions
with the same mean diameter (50 um). (b): displays the associated global rainbow
patterns. The reduction of the Airy oscillations with width of the size distribution is

clear.



110

12
e— w1333
101 —N=135
—N=137
_E- 08 - — N=1M
£ 06 4
T
% 0.4
;
024
0.0 1 e
125 130 135 140 145 150 155
Scattering angle in degree

Figure 5.7: Effect of a variation of the refractive index on the global rainbow pattern
(for a mean diameter equal to 50 microns with an rms equal to 400).

The sensitivity of the global rainbow patterns to the refractive index and to the
particle size can be used to develop a technique in order to extract the information
from a recorded global rainbow. It is the aim of the next paragraph.

5.2 Global rainbow processing

Firstly van Beeck et al [40] propese a fast inversion of the global rainbow
based on the Airy theory and on the assumption that the size distribution is Gaussian.
As the global rainbow signal depends on both the droplet temperature and droplet
size, both must be simultaneously solved. Moreover it has been shown that the
distance between the rainbow fringes obtained with the Airy theory is a priori
independent of the droplet temperature [41]. Therefore the droplet size can be
obtained from any fringe spacing without knowing the droplet temperature. Following
this idea, van Beeck and Riethmuller [42] arrived at equation (5.1) in which the
droplet diameter can be obtained from the distance between two characteristic points,
i.e., scattering angles @ and &, , of the global rainbow pattern:

A 0ns 15

COST =2

D == ] : ! 5.1
4% 4[5&!3%] [H,—Ej] L

where z, and z, are the non-dimensional Airy factors corresponding to ¢ and &,
respectively. The couple of points of the rainbow pattern that have been used are the
first two inflection points or the first two maxima, as defined in figure 5.8. By use of
these characteristic points of the global rainbow pattern, the previous equation can be
rewritten as:

Dy, s =1016,1754(6,,, - 6,,,) "
(5.2)
D

Airy _inf fec

=531.5554{8, ), — B.r )



L1

From the values of the Airy diameters the width of the size distribution can be
estimated by comparison with Airy diameters computed for an assumed size
distribution law (see figure 4 of reference 40).

12

Scatiered light

0o

13 135 4o 145 130
Scattering angle in degree

Figure 5.8: Definition of the points used in the inversion algorithm.

Then the droplet temperature is obtained from the Airy diameter by solving

the equation:
3
!4- N
&, 3 (5.3)
R
with:
173
A
0,0 sii = Bagy —46. IS[—] (5.4)

Figure 5.9 shows the flow chart of data inversion algorithm according to the
basic concept as described above.
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This inversion procedure has been applied to simulated global rainbow
patterns computed in the framework of the Nussenzveig’s theory. Examples of the
extracted results from the global rainbow signal with different mean diameters and
standard deviations have been compiled in the following table.

Table 5.1: Extracted diameters and refractive index for different size distributions.
The value of the refractive index used for the direct computation was 1.33.

d.lff:::er rms D airy maxiumy | Pairy_inft um) | MNairy mexi | Naigy_inst
25 um 250 39.76 38.12 1.3304 1.3294
25 um 1400 73.40 70.53 13312 1.3294 |
34 um 250 45.58 44.79 1.3300 1.3290
34 um 1400 71.6 75.32 1.3301 1.3302
50 um 250 58.96 58.00 1.3299 1.3295
50 um 1400 85.29 77 48 1.3312 1.3297
80 um 250 85.96 85.65 1.3300 1.3301
80 um 1400 89.86 84.61 1.3304 1.3297

Table 5.1 shows that the measurement of the refractive index is quite good. On
the contrary the measurement of the mean diameter is less satisfactory especially for
small mean diameters and large size distributions. The size distribution affect on the
measured mean diameter, the larger the size distribution is, the larger the measured
mean diameter is.

From the data inversion procedure, the filtered signal using FFT method is
applied to keep only low frequency signal used to extract the refractive index and
mean size information. As this method mean diameter and refractive index computed
from a few characteristic points of global rainbow pattern. Then any change on
filtered global rainbow signal according to the number of filtered points affects the
extracted information.

Figures 5.10 and 5.11 display the sensitivity of the extracted mean diameter
for Dajf}r_mj and Dm_mgc and refractive index for Ng;;y_mf and Nayy_jnﬂgc- to the
filtering process. The conclusion is that the information extracted from the inflection
point (size and refractive index) is very sensitive to the filtering process.
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Figure 5.10: Comparison between the measurements of Dairy maxi and Dairy infiec vErsus
number of filtered poinis for different mean diamelers with the same size distribution
and refractive index equal to 250 and 1.33 respectively.
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Figure 5.11: Comparison between the measurements of Nuiry maa and Nawy iniec VErsus
number of filtered points for different mean diameters with the size distribution and
refractive index equal to 250 and 1.33 respectively.

Moreover, in the practical way, Dairy max 1S not simple to determine because
the second peak of global rainbow is difficult to record especially for small particles
and large size distributions. Then another procedure to inverse global rainbow signals
is introduced.
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The global rainbow pattern can be seen as a vector [ of dimension m which
describes the collected intensity for each pixel (collecting angles). This vector is equal
to the product of a matrix 4 by a vector B. The vector B, of dimension n, represents
the size distribution histogram in n classes while the matrix 4, of dimension m.n
represents the scattering of the particles. The lines of 4 correspond to a scattering
direction while the columns of 4 correspond to one particle size class. Then the
elements Aj; represents the scattered intensity in the direction &, of the particle of size
d;. Then the following equation represents a measurement:

A*B =1 (5.5)
or
AB,,d,) A6,,d;) 40, d,)K Aby dy )] [B(d) I,
A{El?dl] A(ﬁzidz} A(Ez!d.t)x A(Hi’dnﬁ_pﬁillt) *16(dy) | = |1,
A(Hﬂdl) A{93,d2) A(Hl’*d])K A(El’dﬂb_pﬂilt b(d3) I]
M M M M M M

A(me_anguhr_ pﬁlnt!dl) K A(Eﬂ_angﬂw_pﬂim ’dn&_ﬂm_poiut)*b{dnﬁ_JM_pnml)

/

nb_angwlar _ point

The elements of the matrix 4 can be computed by any light scattering
theory, particularly by using the Nussenzveig’s theory with correcting coefficients. As
A and [ are known, by solving the previous equation, the size distribution can be
extracted. If A is a square matrix, a naive way is to multiply the two sides of equation
(5.5) by 4. This approach suffers from grave numerical difficulties. A better
approach is to multiply by the transposed matrix 4”. This operation permits to reduce
the set of equations to be solved to n by n.

(A" 4).B=A"1 (5.6)

But here again, the direct solving of this equation (called normal equation) by
using directly classical methods as Gauss-Jordan elimination, LU decomposition,
SVD decomposition, etc., is not acceptable because although the obtained solution B
exactly satisfies /=4B, the values of at least some of the elements of B are not
physically possible (number of particles negative).

Then the equation (5.6) must be solved with some additional constraints. The
principal constraint is that the number of particles in a class must be null or positive,
and a secondary constraint asks for the continuity of the size distribution.
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To be able to respect these constraints, the following actions have been carried
out:

1. To obtain only positive solutions for B, the non negative least square
method has been selected. This approach has been introduced by C. L.
Lawson and R. J. Hanson. More precisely, as no Pascal or Delphi source for
this approach has been found, a FORTRAN source, corresponding to the
last NASA revision, has been translated in DELPHI.

2. According to Numerical Recipes (see chapter 18-5, p 799-803), the
equation (5.7) can be written as:

(A" A votl). B=A".1 (5.7)

with the following possible definitions of the matrix H, called the
regularization.

In the case of first derivative

(/A Y\\ |
Al 2 “21.\0
g/
0 0
H=
0 0 0
2 -1 0 0|

In the case of second derivative

RI_2n0 0 O
A IREREL
1 -4 6 -4
0 <1< —40 6 4

H=
0 0

I -4 6 -4 1 0

0 1 -4 6 -4 |1

0 0 1 -4 5 -2
i 0 0 0 1 -2 1|



In the case of third derivative

1 -3 3 -1 0 0 0
-3 10 -12 6 -1 0 0
3 0-12 19 =15 6 =1 0
-1 6 =-15 20 -15 6 -1
0 -1 6 -15 20 -15 6
0 0

6 -15
—T% 6
0o -1
0 0
0 0
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6

-12 3

10
-3

0
-1

—3

1

3. The value of o is assumed to be given, in agreement with Numerical

Recipes, by:

_Tr(4".4)

Tr(H)

(5.8)

This appreach has been implemented in a DELPHI code, according to the

following flow chart (figure 5.12).
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Figure 5.12: The Inversion code flowchart.

Figure 5.13 displays a view of the code interface. The quality of the inversion
procedure has been tested by inversing computed global rainbow patterns. The global
rainbow patterns recomputed from the results of the inversion (refractive index and
size distribution in a finite number of classes) always correspond satisfactory with the
original one. Figure 5.14 compares some original distributions with the ones extracted
with the non negative least square code. It is critical to note that the inversion
procedure is carried out in less than lsec., opening the possibility of real time
measurements of particle temperature and size distribution.
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Figure 5.14: The extracted size distribution (histograms) compared to the initial size
distribution (continuous lines).

Figure 5.14 compares the extracted size distributions, represented by
histograms, with the initial size distributions, represented as continuous lines. The
general behaviours are well obtained but the extracted size distribution underestimate
the initial size distributions. The points correspond to extracted mean diameters based
on two singular points-as deseribed in the previous section. The green point
corresponds 10 Dyin, mp While the pink one corresponds t0 Dy mau Table 5.2
compiles the refractive indice extracted for the different size distributions.

Table 5.2 The extracted refractive indices from simulated signal by assuming that the
size distribution is the Gaussian distribution.

Mean size rms Refractive index
25 um 250 1.3308
25 pm 1400 1.3302
34 pm 250 1.3304
34 um 1400 1.3308
50 um 250 1.3306
50 um 1400 1.3305
80 pm 250 1.3308
80 um 1400 1.3307




The same study has been carried out but for arbitrary distributions (no
Gaussian law). The objective was to estimate the potential of the inversion procedure
to inform on the presence of multimodal distributions, and more particularly on the

presence of a few big droplets.

Global rainbows have been computed for different arbitrary size distributions.
The examples given in the next three figures demonstrate that, with our algorithm, it
is possible to characterize sprays with complex size distributions. Table 5.3 compiles
the extracted values of the refractive indices, which are also in good agreement with

the original values.
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Figure 5.16: Case 2 (a) The original and reconstructed global rainbow signal.
(b) The original (in red) and extracted size distribution
(in blue).
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Table 5.3 The extracted refractive indices from simulated signal for arbitrary size
distribution with the refractive index equal to 1.333.

Study case Extracted refractive index
Case No.1 1.33313

Case No.2 1.33328

Case No.3 1.33317 |
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Conclusion

It has been shown that Nussenzveig’s theory has high potential to predict the
scattered light as accurate as Lorenz-Mie’s theory for forward and backward angles.
By adding correcting coefficients for predictions at backward region, the range of
application of the Nussenzveig's formulac has been increased. Moreover, the
computation time is very fast: as fast Airy’s theory, about 300 times faster than
Lorenz-Mie’s theory. This fact gives the possibility of inverse computations. Then
Nussenzveig’s theory has been used to fit scattered light by one individual droplet and
cloud of droplets.

In the case of individual droplets, the size and refractive index are extracted
from dual signals corresponding to a section of the scattering diagram in the forward
region (typically between 27 and 33°) and to a section of the section of the scattering
diagram in the backward region (typically between 140 and 146°).

For homogeneous particle, it is been proved that the size is measured with an
absolute accuracy equal to about 0.01 pum while the refractive index is measured with
an accuracy equal to about 0.0001.

For non-homogeneous particle, with a radial gradient, an equivalent particle is
measured with the same accuracy. The equivalent particle is a homogeneous particle
having the same scattering diagram, in term of frequency and phase (angular position
of oscillations) as the particle with radial gradient, including non processed regions as
the second rainbow one. Furthermore, when the particle has the gradient stronge at
the center the measured refractive index can be seen as an average refractive index.
While, when the gradient is stronge at the surface of the particle, the measured
refractive index is always higher than the maximum refractive index value any where
inside the particle. This effect is a clear signature of the presence of a gradient.

The complete characterization of the gradient will ask for complementary
information which could be obtained from numerical codes or other experiments as
LIF which is more sensitive to the center of the particle or Infra-red imaging which is
only sensitive to the surface temperature of the particle.

In the case of cloud of droplets, only backward scattered light is processed.
By using non-negative least square method (nnls) with scattered light computed by
Nussenzveig’s theory and minimizing the distance between the recorded and the
computed global rainbow distribution, a mean refractive index and a size distribution
are extracted. The inversion time is smaller than 1 s, giving the possibility to follow
the temperature evolution of a section of spray under combustion for example. From
the numerical simulations, the accuracy of the refractive index measurement is of
about 0.001 to 0.0001, the extracted size distribution is not perfect but good enough to
display the main characteristics of the spray.

The next step is to develop an experimental global rainbow set up to measure
temperature and size distribution. It is the aim of the next chapters.



CHAPTER VI

EXPERIMENTAL SETUP AND RESULTS

This chapter is dedicated to the realization and to the validation of an
experimental global rainbow setup. This chapter is divided in two parts. The first part
is devoted to the design of the experimental set up and the calibration, while the
second part compiles experimental results. In the first part, the first sub-section
presents the elementary optical pieces used, describing the effect of each element and
how to align them in order to obtain a good quality for the images to process. The
second sub-section describes in detail the calibration procedure which is a key to
perform good measurements. The third sub-section discusses the image acquisition
and processing. In the second part, the first sub-section is devoted to measurement at
ambient temperature of water and ethanol droplets while the second sub-section is
devoted to biodiesel measurements without and with combustion.

6.1 Experimental setup
6.1.1 Optic alignments

The global rainbow system is shown in figure 6.1. The experimental
setup mainly consists in two parts, emitting part and receiving part. The different
components constituting the emitling and the receiving parts of the experimental setup
will be explained in the following sections.

Emitting part

______________

Figure 6.1: The experimental global rainbow set up realized

» Emitting part : A continuous wave Argon laser is used: spectra physics 2016.
The laser emits a beam with a diameter equal to 1.6 mm and a wavelength equal to
0.5145 micron. The power is equal to about | Watt. To direct the laser beam in the
proper direction mirrors are used.
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» Receiving part : The receiving part consists of a compound of two spherical
lenses, a diaphragm and CCD camera.

The compound lens

The compound lens combines a camera objective (focal length =50 mm,
diameter d=20 mm) with a plane-convex lens (focal length =150 mm, diameter
d=100 mm).

A camera objective is used to collect the scattered light in the solid angle
sustained by an angular range of about 20 degrees. The second lens conjugates the
image focal plane of the first lens on the observation screen. Each position at the focal
plane corresponds to a definite incident angle on the lens. For different particles, the
scattered light impinging on the lens with the same angle is located at the same
position on the focal plane as shown in figure 6.2. Taking an image at this position is
just only one way to measure the global rainbow signal because for all other positions
the signal will be deformed due to the mixing of different light coming from different
scattering angle.

Point A == comresponding fo the scattered light from every particles which mupinging on the lens with the angle of 90°

Point B == corresponding io the scattered light from every particles which impinging on the lens with the angle of 8°

Figure 6.2: Schematic of the scatiered light behavior at the focus plane.

In addition, when measuring a spray, the rainbow position can move according
with. the location of the particles in the laser beam, even though all of the droplets
have the same properties. This can make a mistake or misunderstanding for
interpretation. To prevent this problem a diaphragm is used to select a part of the
spray. Furthermore, the fact to select only a part of the spray permits 10 have particles
with close properties (size and refractive index) and to measure the evolution of these
properties inside of the spray.

A diaphragm

A diaphragm is used to select and define the measurement volume. This will
let only the selected scattered light from the measurement volume pass and lock
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undesirable ambient light as shown in figure 6.3. The diaphragm is located at the
image plane of the camera objective. The diameter of a diaphragm is equal to 2 mm.
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Figure 6.3 The effect of diaphragm.

CCD camera

The global rainbow patterns are recorded by a Kappa CCD camera: 2h20,
black and white with 1400 pixels by line and 1050 lines (figure 6.4). The intensity is
recorded with 12 bits. The exposure time can be adjusted between 110 pums and 4000
sec. The camera is connected with the PC by 1394 connector to acquire and process
the images. The image processing is carried out by homemade sofiware developed
under Delphi. The software will be described in a next section.

Figure 6.4: Kappa CCD camera.

When the adjustment is finished the next step is to calibrate the experimental
setup, that is to say find the relationship between pixels and absolute scattering angles
which is the objective of the following paragraph.
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How to do the alignment?

The alignments are made by carrying out the following operations,

1": laser_beam adjustment: adjust the laser beam to horizontality at the good
working level by using the water level.

2": adjust the collection solid angle: the first lens is placed at the position which
permits to record the scattered light on the solid angle sustained by an angular range
of about 20° around the rainbow angle.

3. finding the focal plane of the first lens: with the parallel white light source
located at far as possible from the first lens and a semi transparent screen, the focal
plane is located. The focal plane corresponds to the position of the screen for which
the spot is the smallest and the brightest.

4* : realize the image of the focal plane on the sereen: the second lens is placed at
the position in which it conjugates the semi transparent screen (which materializes
the focal plane) and the final screen. Afier the adjustment the semi transparent
screen is removed.

5%: adjust the liguid jet verticality: Adjust the liquid jet to be perpendicular to the
laser beam by observing the scattered light. The scattered light around the particle
will be at the same level when the liquid jet is perpendicular to the incident beam.

6" : put the diaphragm at the image plane of the first lens: the liquid jet is
backlighted by the white light. The image plane corresponds to the clearest image; at
this position the image does not move if the white light source is moved.

7* : Camera location: the CCD camera with the objective =50 mm is located in
order to record the full rainbow image. A special care is that the lines of the camera
must be parallel to the scattering plane. If it is not the case, the recorded
intensity/pixel function will not be a simple function of the scattering angle.
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6.1.2 Calibration

As the rainbow technique is based on the measurement of the absolute
location of the light scattered around the rainbow angle, it is essentially to know the
absolute angular location of each pixel of the camera. To do the calibration, one way
is to record the light scatiered by a liquid jet which is assumed to be perfectly
characterized in size and refractive index. Afler that the scattered light is computed
for the same size and refractive index. Then the relationship between pixels and
angles is obtained by identifying the position of the maximum intensity of each Airy

peak.

» Characterization of the liquid jet: To create the liquid jet, a
cylindrical metallic pipe with the inner diameter of about 0.6 mm and the length of
about 30 cm is used. The liquid flow rate can be controlled by flow meter. A far field
microscope (infinity) is used to measure the size of the liquid jet. Figures 6.5 and 6.6
display the magnification scale and an example of the liquid jet image recorded by
microscope respectively.

Figure 6.6: Liquid jet image at the flow rate of 60 cc/min.
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Figure 6.6 shows that the liquid jet has a constant diameter along the
measured range.

The size of the liquid jet is a function of the liquid flow rate as shown
by the results in table 6.1.

Table 6.1: The liquid jet diameter measured for the different liguid flow rates.

Flow rate Liquid jet Diameter
(For scale of 6.9 cm: 1mm)
55 cc/min 645 um
60 cc/min 652 um
65 cc/min 652 pm
75 ce/min 659 pm
80 ce/min 659 um
85 chﬂ'lin 666 um
90 w“ll_n_ 666 pm

» Relationship between pixels and angles: The experiment has been
realized under the following conditions:

Calibration conditions

e Liquid: Water

« Liquid flow rate: 60 cc/mm corresponds to the diameter: 652 um
 The liquid temperature: 20°C° corresponds to the refractive index: 1.333

The light distribution scattered by the liquid jet has been recorded as
shown in figure 6.7. The red line is the raw recorded scattered light signal, while the
green line is the filtered signal used to facilitate the localization of the maximum of
each Airy peak as displayed by the yellow points. The computed scattered light
distribution with the same properties as the liquid jet has been determined as shown in
figure 6.8.

Figure 6.7: Recorded signal from the liquid jet.
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Figure 6.8: Computed signal by the liquid jet.

By identifying the position of the maximum intensity of each Airy
peak from the recorded and computed signals, the relationship between pixels and
angles is obtained as shown in figure 6.9.
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Figure 6.9: Relationship between pixels and scaitering angles.

The calibration curve gives the linear relationship between pixels and
scattering angles. For this case, the correlation is given by;

Angle = 131.966+0.01 8*pixel

This optical configuration is able to collect the scattered light from
131.985° to 154.301° (for 1400 pixels).

As the rainbow refractrometry is based on the absolute angular
measurement its accuracy depend on the quality of the calibration. Then the
calibration must be done for each experiment. As the consequence a code has been
dedicated for this task which now can be run in less than 1 minute. Figure 6.10
displays the screen of the calibration code.
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Figure 6.10: The calibration code.

6.1.3 Image acquisition and processing

Now we have to record an image with the good parameters, transform
the recorded image to a global rainbow pattern, and extract the information on size
distribution and refractive index from the recorded global rainbow pattern.

Image acquisition: the connection 1394 permits the communication
between the camera and the computer. The camera accepts input from the computer
which gives the possibility to adjust: the exposure time, the gain, the binning and the
region of interest. Two programs are used: One is * Data image” from Kappa, another
is the homemade code.

s - Data image software records image of 1250 pixels by 1050 lines.
This software 'is essentially used to record images which are
processed to quantify the effect of the integration on the global
rainbow signal.

« The homemade software reads image of 1400 pixels by an user
selected number of lines and directly plot and save intensity versus
pixel. This recorded light distribution is directly processed to
obtain the size distribution and the refractive index.

In all cases, the camera gives an image which is basically the intensity
recorded by each elementary pixel. Such an image can be seen as a matrix where the
value of element ij is the intensity of the pixel at the j" line, i" column. When the
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camera is well adjusted, all the pixels of the i™ column record light scattered at the
same scattering angle. Then these elements can be added together, defining an
integration zone, to obtain the rainbow pattern. Nevertheless, the assumption that the
pixels of a column collect light scattered at the same scattering angle can be valid
only on a finite domain. The experimental definition of this domain is carried out in
the next section.

Definition of the optimum integration zone.

By using data image software, the images of the light scattered by
liquid jet and spray have been recorded as shown in figure 6.11 and 6.12 respectively.

i = 1050™ line
&

i=1"line

i=1" column » i=1240" column

Figure 6.11: Image of the scattered light by liquid jet used for calibration.

i= 1050" line
&
_“5 About 1080 lines
¥  from center
i=1"line
i=1"column » i=1240" column

Figure 6.12: Image of the scattered light by water spray.

In order to be able to process accurately the recorded images it is
necessary to know the optimum integration zone which will produce signals with the
minimum of noise and with the maximum of visibility. A special attention will be
given to the effect of the curvature of the first fringes, clearly visible in figure 6.12
and on the behavior of the fast increasing part of the global rainbow because of the
sensitivity of the measured refractive index to it.
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Images in figure 6.11 and 6.12 have been recorded from the same
optical configurations. The study of image in figure 4.11 shows that the line 510 is the
most intense. First, we study the effect of increasing the number of lines used for
integration symmetrically around line 510®. Figure 6.13 displays the results of
different sizes of integration zone running from 20 to 640 lines. For an integration
zone of 20 lines, the scattering diagram is characterized by a high level of noise.
When the number of lines increases the noise level decreases but the visibility of the
second peak (around pixel of about 600-700) decreases. This can be see clearly in
figure 6.13 (b) where the noise has been suppressed by FFT filtering. An optimum
integration can be defined to have between 80 to 160 lines centered on the liquid jet
diagram (line 510 in this example). Next, we study the effect of the position of the
integration zone in the image. Figure 6.14 (a) displays three curves, corresponding to
the global rainbow patterns extracted from lines 1-81, 470-550 and 944-1024
respectively. Figure 6.14 (b) represents the filtered signals. The location of the
maximum of intensity is essentially nol affected; but the increasing part of the
rainbow pattern is shified to large scattering angles for the 1-81 and 944-1024 zones.
Furthermore the tail of the rainbow pattern (between pixels 500-1000) is strongly
affected. The strong decrease of the intensity after pixel 1100 for the 1-81 and 944-
1024 zones is due to the lens.

These facts confirm that the integration zone must be centered on the
position of the liquid jet rainbow and limited in its dimension. In this thesis an
integration zone of 100 lines centered on the position of the liquid jet rainbow is used
to obtain global rainbow patterns.
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Figure 6.13: Original and filtered global rainbow signals with different dimensions
of the integration zone.
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Figure 6.14: Original and filtered global rainbow signals with different positions for
the same dimension of the integration zone.

The global rainbow patterns can be transferred to the inversion code as
introduced and explained in section 5.2 to extract the refractive index value and the
size distribution.
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6.2 Exemplifying results
6.2.1 Spray temperature measurement at ambient temperature

The liquid jet with the flow rate equal to 60 cc/min and the temperature
equal to 20°C is used to calibrate the experiments. Figure 6.15 displays two images of
the scattered light by the liquid jet, taken before and after the experiments. The two
signals look nearly identical.

1.2

1.0

3

i

-

z 29

ood
0 200 400 600 800 1000
Pixel
Figure 6.15: The light scattered by a liquid jet for calibration. Comparison before
and after the series of experiments.

Nevertheless, when doing the calibration procedure, some slight
differences appear due io the high frequency noise. For the first signal, the sixteen
first maxima can be used for the calibration while for the second signal only the 13
first maxima can be used for the calibration. Figure 6.16 displays the two series of
points used for the calibration with a linear regression. The two series of points are
very close and well fitted by the linear regression. The location of geometrical optics
rainbows for water and ethanol are materialized by arrows,
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Figure 6.16: The calibration points and linear regression before and after the
experiments.

Nevertheless, the linear regressions computed from these two cases
differ a little bit. For the first case the relation is:

Angle =131.97000 + pixel * 1.800 107 ..........(calibration 1)
While, for the second case, the following relation is obtained:
Angle =131.96112 + pixel * 1.8028 107.........(calibration 2)

Then, this configuration gives the possibility to collect the scattered
light between about 131.96° up to 150.40° for the first 1024 pixels, with a collecting
angle equal to about 18.5° or from 131.96° to 154.29° for the first 1240 points, or
131.96° to 157.17° for 1450 points, depending on the software used. The integration
zone used to process the recorded global rainbow image is the position centered
around liquid jet location with dimension of about 100 lines.

Water and ethanol spray have been created by an ultrasonic nozzle with
the frequency equal to 70 kHz. The measurement is located at about | cm far from the
orifice of the nozzle. Figure 6.17 exemplifies recorded global rainbow patterns by a
section of water and ethanol spray and their scattered light distribution. The shift
between water and ethanol is evident, corresponding to about 4-5°.
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Figure 6.17: The recorded images of the scattered light by water and ethanol sprays
and their scattered light distributions.
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Figure 6.18: From enlarging figure 6.17 to exemplify the filtering.
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By using the non-negative least square method based on Nussenzveig’s
theory, the size distribution and the refractive index are extracted.

Table 6.2 shows the extracted refractive index values of water and
ethanol. A first remark is the stability of the extracted refractive index and associated
temperature for the water and ethanol, with nearly no sensitivity to the calibration
equation, realize before and after the series of experience. For each product a stable
temperature is extracted. It will be noted that the confidence is better for the absolute
refractive index and temperature values for water than for ethanol. as the water global
rainbows are interpreted in the angular region where the calibration is carried out.

Table 6.2 The measured refractive index values of water and ethanol sprays, for the
two linear regressions, at short and large distance of the nozzle, at close and long
distance of the nozzle

Refractive index, | Associated | Refractive index, | Associated
Case at 1 cm from Temperature from temperature
Calibration 1 (°C) Calibration 2 (°C)
Water, casel (1 cm) 1.332231 27.15 1.332225 27.08
Water, case2 (1 cm) 1.332254 ‘ 269 1.332295 26.5
Water, case3 (1 cm) 1.332751 22.4 1.332754 22.38
Ethanol, casel (1 cm) 1.356798 38.78 1.356551 39.43
Ethanol, case2 (1 cm) 1.357301 3745 1.357195 37.73
Ethanol, case3 (1 cm) 1.355455 37.73 1.357384 | 37.23
Refractive index, | Associated
Case at 10 cm from Temperature
Calibration (°C)
Water, casel (10 cm) 1.3329 20.2°C
Ethanol, casel(10 em) 1.3621 24.7°C

In table 6.2, it is notable that the temperature measured close of the
orifice are high and very different for water and ethanol. Several phenomena can
explain this behavior:

1., The working temperature of ultrasonic nozzles is high : about 80-
90°C. Then the liquid will be heat up in the nozzle but this heat up
is a function of the physical properties of the liguid.

2. When created, the droplet temperature will evolve also differently
according with the liquid properties.

3. Close of the orifice, gradient of temperature can exist in the
droplets.

On the contrary, when far of the orifice (at about 10 cm) the
temperature of the water and ethanol droplets are closer and nearly equal to the
ambient air temperature.
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Figure 6.19: Comparison beiween the original global rainbow, the filtered one and
the recomputed one with the extracted refractive index and size distribution.
Case water | of table 6.2,

Figure 6.19 compares the original recorded global rainbow signal (in
the red line), the filtereéd one (in blue line) and the recomputed one as green triangles.
The agreement between the three global rainbows is very satisfactory in the angular
domain of interest.
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Figure 6.20: The extracted size distribution for water, case ] of table 6.2.

The measured size distribution for water, case 1 of table 6.2, is
displayed in figure 6.20. The extracted size distribution is representative of the size
distributions extracted for all the studied cases. That is to say, for the experimental
cases, an overestimation of the small particles is obtained, in opposition with the
numerical study. This overestimation is not yet perfectly understood but it is assumed
to be due to a light background. Nevertheless, as this overestimation of the
importance of the small particles looks to have no effect on the refractive index
determination, that is to say on the temperature measurement, we will continue the
study focusing our attention only on refractive index measurements.
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6.2.2 Biodiesel spray temperature measurement in combustion

Biodiesel (fatty acid alkyl esters) is a cleaner burning diesel
replacement fuel made from natural, renewable sources such as new and used
vegetable oils and animal fats. The production of biodiesel, or alkyl esters, is well
known. As recall in the introduction, there are three basic routes to ester production
from oils and fats. The majority of the alkyl esters produced today are done with the
base catalyzed reaction because it is the most economic. Biodiesel can be used alone
(B100) or blended with petroleum diesel in any proportion. Blends of up to 20%
biodiesel (mixed with petroleum diesel fuels) can be used in nearly all diesel
equipment and are compatible with most storage and distribution equipment. These
low-level blends (20% and less) generally do not require any engine modifications.

Biodiesel used in this work is produced from palm oil by
transesterification process whereby the glycerin is separated from the palm oil. The
process leaves behind two products -- methyl esters (the chemical name for biodiesel)
and glycerin (a valuable byproduct usually sold to be used in soaps and other
products). The physical properties of different blending of biodiesel with diesel (by
volume), measured in the laboratory, are displayed in table 6.3.

Table 6.3: The liguid properties of different biodiesel concentrations

Liquid Density Surface Viscosity
(g/ml) tension(mN/m) (mPa.s)
B5% 0.804 ‘ 26.61+ 0.33 4.19
B10% 0.806 | 26.82+ 0.34 4.38
B15% 0.818 27.14+ 0.2 4.53
B50% 0.824 27.75+ 0.22 5.10
B100% 0.842 2937+ 0.44 7.09
Diesel 0.800 26.66+0.37 4.13

The measurement of the temperature and/or the composition of real
fuels during combustion is a challenge. For a combustion in a flame with droplets of
hexane/tetradecane or Kerosine, according with Kneer et al [42] or Bachalo et al [43],
the refractive index runs typically from about 1.45 to 1.3, due to the fact that the heat
up induces change of density and composition-in the droplets. For biodiesel the
refractive index evolution must be of the same order. To these values of the refractive
indices correspond geometrical optics rainbow < pesitions equal to 152.31° and
132.86°: about 20° of displacement for the rainbow! The optics configuration has to
be adapted to be able to collect the light on a so large angle.

Then this section is organized in two subsections. The first one is an
experimental simulation to demonstrate the possibility of accurate global rainbow
measurements on a large refractive index range. The second subsection presents
measurements in a biodiesel spray flame without additive.
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6.2.2.1 Experimental simulation of combustion measurements.

To establish the capability of such an optical configuration,
the temperature dependence of the refractive index is simulated by using different
liquids: water, ethanol and biodiesel. At ambient temperature the refractive indices of
these products have been measured by using a refractrometry as equal to 1.334, 1.36
and 1.45, respectively.

For this study, the calibration curve is plotted in figure 6.21.
Note that up to 39 supernumerary peaks have been identified to compute the
relationship between pixel and angle.
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(b) The calibration curve determined from 39 supernumerary peaks.

Figure 6.21: Setup calibration for large refractive index range

This configuration gives the possibility to measure the
scattered light between 136.104° and 157.306°.
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The next step has been to record global rainbow images for
the different products. Figure 6.22(a) displays such recorded global rainbow signal.
The shift of the global rainbow position with the refractive index is clear.
Furthermore, the capability of the developed setup to record the rainbow in a large
angular range is proved.

The next step is to extract the associated relationship
intensity/angle to be processed from such images. The intensity/angle relationships
associated with image 6.22(a) are displayed in figure 6.22(b). The location of the
maximum of the main global rainbow peak runs from about 140° for m=1.334 (water)
up to 155° for m=1.45 (biodiesel 15%). Note that agreements between the measured
rainbow pattern and the reconstructed rainbow pattern are very good.

The extracted size distributions are plotted in figure 6.22(c).
It is notable that size distributions for water and ethanol are very similar, with a large
peak corresponding to particles with a diameter below 10 pm while for the biodiesel
15 only the peaks at 20 um and 40 pm exist.

The extracted refractive index values are given in 6.22(d).
The measured values are in agreement with the nominal values. The next step is to
associate temperature at these refractive index values. If it is assumed that the product
is kerosine, and that the relationship proposed by Sankar et al is applied, temperature
given in 6.22(e) are obtained. The range of measurable temperature with the
developed configuration is well adapted to the measurement of spray flame.



144

Water Ethanol Biodiesel 15%

(a) The recorded images

i — |i-——-| n--u-l-l::—---* e Ihl__ —
——-u.-| "
|
. § A
‘ ] " §

) NN

I
|

(b) The global rainbow patterns
.| o 3
'u-.: :Eu- i [ !'ul
s it- : !--
il MR % L. = e e
(c) The extracted size distribution
1.3315 1.3644 1.4588
(d) The extracted refractive index
580°K 500°K 280°K
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Figure 6.22: Example of global rainbow and their processing.
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Then, for each product the spray has been measured at 1 cm
and 5 cm of the orifice. Figure 6.23 plots the refractive index measured by the global
rainbow technique versus the refractive index measured by a refractometer at ambient
temperature. This curve proves that a quasi-linear relation is obtained on all the
domain of study. Furthermore, an attentive observation show that all the
measurements carried out at 5 cm of the orifice are associated with a refractive index
larger that the one measured at 1 cm of the orifice, corresponding to a heat down of
the droplets. If we assume that measurements have been carried out at different
distance in a flame of kerosene droplets, the refractive index can be associated to
temperature, The range of temperature where the measurements are possible by global
rainbow with this configuration is equal to about 300°C. Remark also, that for
biodiesel, the measurement have been carried out with four mixture of biodiesel: 5,
10, 15 and 50 % of palm ester in diesel.
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Figure 6.23: Measurement of the refractive index-on a large range of refractive index
by using a unigue oplical configuration.

The biodiesel spray has also been studied by PDA. Figure 6.24 displays size
distributions and the velocities for the five biodiesel sprays. For each case, three series
of measurements have been carried out. Size distributions are plotted in figure 6.24(a)
while the longitudinal (red points) and transverse (green points) velocities are plotted
versus time in figure 6.24(b). For the velocities (longitudinal and transverse) each
plotted points corresponds to the mean velocity during one second. Each series of
measurements corresponds to about 3,500 valid events.

Independently of the biodiesel composition, the size distributions are similar
and show that the most probable size is equal to about 20 pm, with a comparable long
tail up to about 120 pum, and a second peak at about 170 um.

For all the studied cases, the mean longitudinal velocity is equal to about 0.5
m/s while the transversal velocity is equal to about 0.1 m/s. Nevertheless, especially
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for the longitudinal velocity, temporal fluctuation of the mean velocity could be
important.
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Figure 6.24: Properties of the biodiesel sprays generated by the ultrasonic nozzle
used for biodiesel experiments (working frequency 60+ 1kHz) (a): size distributions,
(b): the longitudinal and transversal velocity versus the time, average on a temporal
window equal io 1.
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Figure 6.25: Comparison of the size distribution measured by global rainbow (a) and
PDA (b) on a spray of biodiesel at 50%.

From global rainbow experiments, the size distributions could
also been extracted. Figure 6.25 compares the size distributions measured by global
rainbow technique and by PDA technique for the same spray (biodiesel 50%) created
by the same nozzle. In both cases. the most probable size is at about 20 pm.
Nevertheless, the shapes of the size distributions are different. This disagreement can
be due to:

|. The range of measurement is not the same for the two
techniques. The Global rainbow inversion code assume that the maximum size is
equal to 100 pm while the PDA configuration measure up to 200 pum.

2. The measurement duration is equal to about 1-2 mn by
PDA while the global rainbow images are recorded in about 10 ms: a ratio of 6000 to
12 000. Then the size distribution measured by global rainbow change more or less
from one recording to the other. To be able to really compare an histogram measured
by global rainbow with the one measured by PDA, tens or hundreds of instantaneous
size distribution have to be combined together, a work to do in the future.

The robustness of the measurements can be illustrated by the
study of a series of global rainbow. Figure 6.26 corresponds to twelve consecutive
images recorded on a spray of biodiesel 15%. The acquisition frequency is of about
three images by second. From figure 6.26 it is clear that the scattered intensity varies
strongly from one recording to the other. These variations of intensity can be
connected with change of diameter, refractive index and number of particles in the
control volume.
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Figure 6.26: A series of consecutively recorded global rainbow from a biodiesel 15%
spray.
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Figure 6.28: Measured refractive index versus time.

This preliminary study demonstrates that measurement of

biodiesel spray under combustion is possible with the developed global rainbow set

up.
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6.2.2.2 Experimental of combustion measurements.

To be able to understand the burning properties of biodiesel
spray, a burner has been designed and tested at Rouen university. Schematically, the
burner is composed of three concentric rings (see figure 6.29): the central ring
supports the developed ultrasonic nozzle, while the second and third rings are made
by using porous bronze. Gas can be send independently to the second and third ring
by three inlets to obtain a stable gas flow. The second ring (internal diameter equal to
11 mm and external diameter equal to 26 mm) furnishes fresh air for the burning of
the droplets while the third ring (internal diameter equal to 28 mm and external
diameter equal to 80 mm) gives the possibility to isolate the flame from ambient air
by a flux of nitrogen or argon.

I 28 mm *
" Eﬂm 3

26

|
I
-
I
I

I m

Figure 6.29: A side and a top schematic view of the burner.

A schematic view of the burner inside is given in figure 6.30.
The ultrasonic generator is located at the middle of the blue part. The red part
corresponds to the second ring. For this ring, the three inlets can be feed in air or any
fuel gas to assure a stable combustion. The third ring is green can be feed with air or
nitrogen (argon) to isolate the central flame from the ambient air.

Figure 6.31 and 6.32 are photos of the burner top and back
respectively.

Inlet for ring 3

Inlets for ring 2

Figure 6.30: Scheme of the burner realized at Rouen University. Inside view.
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Ring 3 inlets

Ring 2 inlets

The ulirasonic nozzle

Figure 6.32: Photo of the burner: backward view.

[n the experiments carried out with biodiesel, only one
ultrasonic nozzle with a working frequency of about 60 kHz is used with the same
excitation power. The liquid fuel flow rate is equal to 0.3 cc/min, and the air flow rate
for the second ring is equal to 5 cc/min. For this flow rates, a stable flame has been
obtained for mixture of ester of palm oil and diesel with the ratio of 5%, 10%, 15%
and 50%, as displayed in figure 6.33.
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Figure 6.33: View of a typical flame. The droplets of biodiesel 15% burn in air
without adding other fuel.

The following series of figure displays typical global rainbow
pattern recorded in the biodiesel spray first without burning and then burning. The
measurements have been carried out at 2 em from the orifice.

A first remark is that when the flame is on, a large level of
light is coming from it. This contribution is removed by using an interferential filter
which transmits only the green line of the laser (5145 nm).

A second remark is the difficulty to use the ultrasonic nozzle
when the droplets go upward. In this case, some of the droplets fall down and then
create a liquid map which conducts the electricity perturbing and later stopping the
creation of droplets.

As the relationship between the refractive index and the
temperature is unavailable in the literature for biodiesel, and that any refractometer is
suitable to measure refractive index at so high temperature, the rélationship for the
kerosine given by Sankar et al is used to transform the measured refractive index in
temperature. The relation reads as :

N Measured refractive index —1.4506
- 0.0004

T
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(a) Without combustion: Below, only exemplifying results
corresponding to biodiesel 15% are presented.

First, the global rainbow patterns corresponding to the
biodiesel spray created by the ultrasonic nozzle without gas (no gas at ring 2 and 3)
has been recorded and processed as displayed in figure 6.34. The global rainbow
pattern is characterized by a bright bow, located at about 155° (see figure 6.34(a) and
6.34(b)). In this case the global rainbow pattern is changing in intensity very rapidly
due to the high particle concentration and the small size of the spray. A tiny lateral air
flow is able to dramatically change the number of particles in the control volume but
the measured refractive index (about 1.4608) is very stable and corresponds to a
temperature equal to about 25°C. The particle size distribution displays two peaks at
about 20 and 40 pm.

Case 1: Biodiesel spray created by ulirasonic nozzle without gas

— ——— —— |
i 7% (L (L5 [L1] [LE] (L ([4]
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Figure 6.34: Snap-shot of biodiesel spray without air and combustion
(a) Global rainbow image (b) Extracted global rainbow intensity
(c) Measured droplet size distribution
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The second case corresponds to the addition of a small
flow of air at ring 2. In this case, the global rainbow pattern is very stable both in
position (as for case 1) but also in intensity. This is due to the flow air which dilutes
and stabilizes the spray of the droplets created by the ultrasonic nozzle. Nevertheless,
the measured refractive index (1.4607) and size distribution are very close from the
ones of case 1. The associate temperature is also equal to about 25°C.

Case 2: Biodiesel spray created by ultrasonic nozzle with gas at the second ring but
without combustion.
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(c)
Figure 6.35: Snap-shot of biodiesel spray with air but without combustion
(a) Global rainbow image (b) Extracted global rainbow intensity
(c) Measured droplet size distribution

The results for biodiesel 5%, 10% and 50% are not
presented here but are essentially identical to the ones for biodiesel 15%.
Especially, the droplet temperature has been measured to be equal to 25% for
all the mixture.
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(b) Under combustion: Then, with the same air flow rate as
in case 2. the flame was alight. Due to the flame radiation and turbulence, the global
rainbow patterns are less stable than in cases without combustion (cases |1 and 2). The
recorded global rainbow patterns are characterized by important change of the
recorded intensity, Some images are very weak while some other are saturated,
coming from the movement of the flame which is somewhat unpredictable. Some
examples are given below.

Starting for the weakest signal, as displayed in case 3, the
recorded global rainbow image is characterized by a series of very clear bows (see
figure 6.36(a)). At this figure corresponds a global rainbow pattern with very clear
oscillations, to which corresponds a size distribution dominated by 60 um diameter
particles with a refractive index equal to 1.3751: the droplets have been heat up to
about 188°C. This signal can be interpreted has created by very few big droplets

Case 3: Biodiesel spray created by ultrasonic nozzle under the combustion,

Jfor weak signal.
11 ———————— ==
L n.—nn-u'.-—-,|
104 | [ —
L

£ n|1 \

% 0s Tf‘ | .

' na i | I||Ir||| I.l'ﬁ

g / V\ A

2 und &
o7 4
a4

Seamening angle in dagres

fa) (b)

BRIE 4 r

A

LLEL]

-
=
=

Kasnber of parbicles

T |

::: 3 l'll ” 18

B - L] L L] oo 136

Parbde disssetens in jum
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Figure 6.36 : Snap-shot of biodiesel spray with air and under combustion.
(a) Global rainbow image (b) Extracted global rainbow intensity
(c) Measured droplet size distribution
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A more intense signal is displayed in case 4. Here again
some bows can be distinguished but their visibility is smaller than for case 3 (see
figure 6.37(a)). The higher intensity, in this case, is due to a higher number of small
droplets in the measurement volume (smaller than 20 pum in diameter) but with some
large of about 40 pm. The global rainbow pattern, as displayed in figure 6.37(b),
shows that the extra bows now are located on the decreasing slope of the rainbow.
The measured refractive index is equal to 1.3716, corresponding to 197°C

Case 4: Biodiesel spray created by ultrasonic nozzle under the combustion,
Jor average intensity signal.
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Figure 6.37: Snap-shot of biodiesel spray with air and under combustion.
(a) Global rainbow image (b) Extracted global rainbow intensity
(c) Measured droplet size distribution
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The last case corresponds to a very intense scattered light.
no more extra bows can be distinguished, only the main one is visible (see figure
6.38(a)). The rainbow pattern displayed in figure 6.38(b), is characterized by a long
monotonic decreasing part, to which corresponds small particles (smallest than in case
4). The disappearing of the extra bows can be explained by the presence of a large
number of small particles in the control volume. The extracted size distribution, as
displayed in figure 6.38(c) is dominated by droplets smaller than about 15 pm. Now
the refractive index is equal to 1.3739, corresponding to 191°C.

Case 5: Biodiesel spray created by ultrasonic nozzle under the combustion,
for high intensity signal.
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Figure 6.38: Snap-shot of biodiesel spray with air and under combustion.
(a) Global rainbow image (b) Extracted global rainbow intensity
(c) Measured droplet size distribution

These in situ measurements of biodiesel droplet
temperature in a flame have been carried out, without any addition of other fuel, for
biodiesel 15%. The results show a decreasing of the droplets size and a heat up of the
droplet estimated to be equal to about 200 °C at about 2 cm. from the nozzle orifice.



Then the same measurements have been carried out, at the
same location but for different percentage of blending ester of palm oil in diesel (5%,
10%, 15% and 50 %). The series of measurements permit to process: 20 images for
biodiesel 5%, 10 for biodiesel 10%, 15 for biodiesel 15% and 14 for biodiesel 50%.

The recorded global rainbows are very similar to the ones
presented previously, as well as the extracted size distributions. In this section, the
size distributions will no be discussed because the quality of the extracted size
distributions is not good enough to be able to distinguish a real behaviour between the
different mixtures.

To the refractive indices measured at 2 cm of the nozzle,
a temperature is associated by using the law given page 154. Figure 6.39 plots these
temperatures versus the quantity of biodiesel in the mixture. The temperature seems to
be higher when the percentage of biodiesel is higher.
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200 4
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Figure 6.39: The measured temperature versus the percentage of biodiesel.

The - fact. that . the temperature increases with the
percentage of biodiesel in diesel could be explained as follow: when the droplet is
essentially composed of diesel (which is lighter than biodiesel), a larger quantity of
the warm flux is used to transform the liquid to vapor while when the droplet is
mainly composed of biodiesel a larger fraction of the warm flux is use to increase the
droplet temperature up to the biodiesel boiling point. In short, when the percentage of
the biodiesel in diesel is higher the evaporation is less efficient.

However, to be fully wvalidated, complementary
experiments must be carried out as the measurement of the droplets velocity under
combustion conditions (for biodiesel 15%, PDA measurements show that the main
velocity is equal to 5.3 m/s), the measurement of the flame temperature, the exact
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relationship between the refractive index and the temperature for the different
biodiesel blends, ....

For all these experiments, the main difficulties (variation
of intensity, lost of signal, ..) are due to the movement of the flame which is
somewhat unpredictable. Environmental conditions and the position of the exhaust
inlet can even cause the flame to bend one way or the other. Employing the chimney
is possible. This can improve the stability of the flame, but small movements as large
as the region of interest are unavoidable.

These first measurements are very promising, but still
have to be developed. Especially, the effect of temperature gradient will be explored
and experiments combining rainbow technique with other one less sensitive to the
surface refractive index must be designated to quantify the gradient.

Conclusion

In this chapter an experimental global rainbow setup has been designed and
realized. Then, this prototype has been used to measure the temperature and size
distribution of water, ethanol and ester of palm oil biodiesel sprays created by an
ultrasonic nozzle. Four different mixture of biodiesel in diesel have been measured
(5%, 10%, 15% and 50%by volume of palm ester in diesel). The recorded global
rainbows have been processed and the refractive indices have been extracted, without
and with combustion. The results are stable and consistent.

Without combustion, it has been demonstrated that:
e ultrasonic nozzles create the spray with a size distribution independent
of the biodiesel blend:
o the droplet temperature is equal to about 25°C independently of the
biodiesel blend, with small fluctuations attributed to the effect of
parasite air flow.

For biodiesel combustion, these preliminaries results demonstrate that, at 2cm
from the injector:
e the mean diameter has strongly decrease when compared with no

combustion cases
the biodiesel droplet temperature is equal to about 200°C,
small differences between the temperature measured for the different
biodiesel blends look support the fact that evaporation is less efficient
when the biodiesel proportion in the petroleum diesel increases.

Nevertheless, a better confidence is given to the absolute refractive index
measurement, and associated temperature, for water and ethanol than for biodiesel.
This better confidence is due to the fact that the exact relationship between the
biodiesel refractive index and temperature is not yet known, and that the biodiesel
measurements are far of the calibration region. This last limitation can be partially
removed by doing a second calibration with a biodiesel liquid jet.
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A second remark is that the extracted size distributions are always dominated
by the small particles. The number of small particles is overestimated, in opposition
with the case of numerical simulations. This fact is not yet completely understood but
it is assumed to be related with the presence of a light background, multiple scattering
and non-sphericity of the particles. Nevertheless, as this overestimation of the small
particles looks to have no effect on the refractive index and temperature
measurements, the study of it is postponed.



CHAPTER VII

CONCLUSIONS

In the framework of the international energy crisis, the improvement of liquid
combustion processes, in terms of efficiency as well as emission pollutant reduction, is a
major challenge for classical fuel as well as for bio diesel fuel.

To enable to design and develop efficient and stable combustors, it is necessary to
develop a complete understanding of the fundamental phenomena that could affect and
control the overall spray combustor. The combustion efficiency depends strongly on fuel
droplet evaporation which is a function of droplet temperature. Then in order to obtain a
better understanding of droplet vaporization rate, it would be advantageous to measure fuel
droplet temperature. Especially for bio diesel spray as its physical properties are complicated.
In gas flames it is possible to measure the gas temperature and the different species by using
optical techniques. In contrast to the spray flames, only geometrical quantities as the particles
velocity and size are today measurable.

Among other techniques, rainbow approaches, which are based on the high sensitivity
of the rainbow location on refractive index therefore on the temperature, are very promising.
Rainbow techniques do not necessitate additive (as fluorescence techniques) and then can be
applied in situ in hostile media as flame or pressure chamber.

This thesis introduces new rainbow proeessing strategies based on an improvement of
the Nussenzveig’s theory which permits accurate and fast computations of the light scattered
around the rainbow angle. By using this approach, fast automatic inversions of recorded
rainbows has been realized, permitting to measure the droplet size with an accuracy of 0.01
um (for individual droplets) while the refractive index is obtained with an accuracy typically
equal to 0.0001, for droplet size running from 30 to 150 pm (both for individual droplets as
well as for a section of a cloud).

This inversion strategy has been applied to experimental records from ONERA-
Toulouse for individual particles, while a specific experimental set up has been developed
during this thesis to measure the temperature of a bio diesel flame spray.

To realize the spray flame, a fundamental burner has been developed, exploiting the
properties-of the ultrasonic nozzles from Chulalongkorn University: small particles, narrow
size distribution and low initial velocity. The bio diesel used is composed of 5% up to 50% of
ester of palm oil in petroleum diesel. Measurements of the temperature of the droplets inside
the pure bio diesel spray flame are reported, which are the firsts at the author knowledge.
These preliminaries results show that the temperature of the droplet increases with the
proportion of the biodiesel in diesel, supporting the assumption that evaporation is less
efficient when quantity of biodiesel blend in the petroleum diesel could be increased.

When a radiant gradient of temperature (or composition) exists inside the droplets, the
notion of equivalent particle has been introduced.
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The main perspectives of this work are the systematic measurements of the
temperature and size evolution inside a spray flame, given a direct access to the evaporation
rate of realistic bio diesel under realistic combustion conditions.
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Appendix A: Theoretical tools for light scattering by a
spherical particle

The Lorenz-Mie theory is a vectorial theory describing rigorously the scattering of a
plane wave by a perfectly spherical particle. All the scattering modes are included in
the Lorenz-Mie theory which provides a reference but does not distinguish the
different paths of the light inside the particle. Furthermore, the computational time
increases with size parameter and can be prohibitive especially for inverse problems
for which iterations are necessary. In the far field approximation, the Lorenz-Mie
theory provides electric field components written as:

IE, _ o 2n+l - :
E, = . exp(— ikr Jeos q:; :{;]}{a,f_ (cos8)+ib, 7, (cos0)] (A1)
- E, = = 2n+1
E - [i] o = W .
e = expl—ikr)sin a?; nn 1) [a_sr" (cos @)+ ib_t_(cos t?)] (A2)

where the generalized Legendre functions are defined by:

b, (cosd)
de

“. 1 (cos®) = (A3)

and the Mie scattering coefficients are given by:

o ) v, (B vy, (5)

" gy B)-Ne (@) v, (B) ad)
s M@y, (B)-v.(@)y,(5)

&= FOIAGEEGIAD

with o the size parameter defined as @ =m/A and £ = Na, d is the particle
diameter, N is the complex refractive index, A is the wavelength of the incident beam,
k is the wave number (k= 2x/4, r is the distance between the particle and the
observation point, and £ is the'amplitude of the incident field.
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Lorenz-Mie computations have been carried out by using a code developed
under FORTRAN 95, and provided to me by L. Mées. The code interface i1s as
follows:

[
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The Debye Theory can be considered as a post processing of the Lorenz-Mie theory
in which the coefficients a, and b, are written under series forms. It also provides a
vectorial and rigorous solution for the scattering of a plane wave by a perfectly
spherical particle. However, Debye series gives the possibility to quantify the
contribution of the different kinds of “rays”, i.e. the diffracted rays, the externally
reflected rays, the rays which experiment k internal reflections before leaving the
particle by truncating a, and b, computations. The computation time in Debye series
approach is nearly identical to the one in Lorenz-Mie approach.

In Debye theory, the Lorenz-Mie coeflicients a_are given by

a, - %"luﬂf‘ by e Tf} (AS)

p=l

with a similar relation for b, The coefficients R, R!', T and T)* are, for the

corresponding partial spherical wave, the reflection coefficient outside of the particle,
the reflection coefficient inside of the particle, the coefficient of transmission from
outside to inside the particle and the coefficient of transmission from inside to outside
of the particle respectively. The above equation leads to the following interpretation:

i

a, = 5 . describes the diffraction of the incident wave around the spherical

particle when inserted in the scattered coefficient expressions in the scattered
field expressions in Lorenz-Mie (eqs | and 2), and summed over n,

I. e . & -
» a = . R." . similarly represents the outgoing scattered wave reflected from

the surface of the spherical particle.

1 = :
> a, == {—ZT:‘ (R:' )"_1 T_”W: this term takes the form of a geometrical
! =l '

|
=*

series. Individual terms represent the light transmitted to the sphere and
emerging from it after (p-1) internal reflections.
In both Lorenz-Mie and Debye frameworks, scattered intensities can be evaluated
from :

b=EJEL tEE] (A6)
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Debye computations have been carried out by using a code developed under
FORTRAN 95, and provided to me by L. Méés. The code interface is as follows

@ Chempy diff usss lintatm 7 veries de Debye

= ii—h!:’i E:

Figure A2: The Debye interface with Ihi!/flﬁ‘i'ﬁgmraﬂm: window. The main difference
with the Lorenz-Mie theory is the possibility to focus o én 1 the effect of some kinds of

\ Y7 rays. |

- 4 N

s "
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The Airy theory is a scalar theory which describes the scattering of rays
experimenting k internal reflections before leaving the spherical particle. but in an
angular region close to the geometrical rainbow of order p-1. The Airy theory is

known to have a very limited range of application (@ >5000,8 6, <0.5°). The
scattered intensity is given by

i6
16,a)=(g,) [IF?F]J cost, a’” A (z)/sin(6,) (A7)
where A is the Airy function and the argument z is:

13
z=04ﬂ1i1 a’*(6-6,) (AS)
L

6 is the rainbow angle, q an integer equal to +1 or -1 in such a way that the rainbow
angle is defined between 0 and m, and wverify 27 /+ g8, =(TP - pr;) with | an

integer. 7, and 7 ,are the complements of incident and refraction angles of the
incident rainbow ray for p-1 internal reflections. N is the refractive index
7 5 )/ 2
|
tanr = F———-— A9
14 lp- ;,NZJ { )
- s 3 12
tanz, = F?—E—I)] 10)
Pt
h is given by:
h=p? =) 1p* N = )))lp? = NPy N = )] (Al1)
and ) is given by:
&) 24t~ )(7)7 (A12)
with:
sinlz, -7 ta —r
r=— ( P P} p o= H(‘[P rp) (ﬁtu}

. ' ? 1= Y
Slﬂ|rp+fpi tan I'P+IP

The computational time of equation (A7) is very small when compared to Lorenz-Mie
theory (Eqs (Al and A2)), and essentially independent of the particle diameter.

' Note that Wang and van de Hulst use the angles t and " which are the complements of incident and
refraction angles of an incident ray (t = w/2-9,),
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The Geometrical Optics.

The Geometrical optics is used to describe the path of the light interacting with
an individual spherical particle. Let us assume a perfectly spherical particle with a
diameter larger than the wavelength of the incident beam. We could use the Snell-
Descartes and the Fresnel laws to describe the interaction between a beam and the
particle. The radius of the sphere is a and its relative refractive index is N.
The incident beam is represented by a series of individual rays. If x is the
distance between an incident ray and the beam axis, we introduce the impact
1 : 2 . x
parameter p = d . p varies between —1 to +1. This notation is useful as sini = —= p
a a
as shown in figure 2.1.

Direction of scattering

According to van de Hulst’'s notation, the rays experiencing one
reflection on the surface of the sphere are noted p=0, the rays purely refracted twice
are noted p=1, the rays experiencing one internal reflection and two refractions are
noted p=2, and more generally the rays experiencing k internal reflections and two
refractions are noted p=k+1, as shown in figure 2.1.

Figure A3 : Scheme to compute the deviation angle and
definition of the different rays according to Van de Hulst.

The deviation of a ray by reflection is -
D =7 -2i =x - 2 arcsin p (A.14)
To compute the deviation of a ray after k internal reflections, it should be
re_marlced_ that the ray twice refracted is deviated of ( i-r) at each interface identified as
2(1-r) ‘while at each internal reflection the deviation of the ray is 7 — 2r, we obtain a
global deviation: ‘

D, (i) =k(z ~2r)+2(i ) (A.15)
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Prediction of intensity.

To predict the intensity of a ray after each interaction with the particle. the Fresnel s
coefficients must be used. Eight Fresnel coefficients are defined: 4 for one
polarization, 4 for the other polarization. To wnte Fresnel coefficients, at a plane
surface between two media i.e. | or 2, the following convention is used: x, where x
stands for r (reflection) and t (transmission), i is the medium where the ray travels
before impinging the surface and j is for the medium where the ray travels after
impinging the surface.

the external reflection : /"
the refraction inside the droplet : ¢5"

AU A

the internal reflection inside the droplet : r5”

the refraction outside of the droplet: 1" .
Then the intensity of the different kinds of rays, for a perfectly transparent particle,
are given by:

Y

» for externally reflected : (r*')?
> for a twice refracted ray : (¢2" .¢27')’
» for a ray refracted after k internal reflections:
(8 5= (r )Y
If the considered particle is not perfectly transparent, the attenuation of the light is

predicted by the Beer's law. Then the length of the path of the light inside the particle
must be computed. Remarking that all the chords are identical and equal to 2acosr,

—uf:-!a (= r o

the attenuation of the intensity for an absorbing particle is e

phase

The absolute phase, or the phase difference between rays of different histories are of
interest. To compute these phases, three effects must be taken into account:

# the change of phase at reflection (see Fresnel)

» the phase shifts due to foeal lines

# the phase due to the length of optical path

Generally, the absolute phase is not relevant, but phase differences are. Then it is
enough to compute the phase relatively to a reference ray. As a reference, a ray
travelling in the medium surrounding the particle, going to the centre of the particle
and from here in the direction of observation is selected.
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. Case of external reflection:

Figure A4: Scheme to compuie optical path for reflected light.

As a reference path, the ray going to the center and then toward the ‘detector’ has
been selected, while another ray is incident on the particle. When the two rays are
parallel and in air, the two optical paths are identical. Afterward the path difference
between the reference ray inside the particle and the reflected ray must be computed.
For the reference ray inside the particle the optical path is equal to 2R. For the ray
reflected at the surface of the particle, the path is:

2(R = Rcosi) (A.16)

Then the difference is equal to:
Ad = 2(R— Rcosi)— 2R = —2Rcosi = —2Rsin i (A.17)
-
The sign (-) informs us thai the path for the reflecied light is shorter than for the path
of reference.
. Case of the ray experiencing two refractions:

Figure 2.3 1s-a scheme presenting the reference path-and a refracted light path.

ALO
Figure A5: Scheme to compute optical path for refracted light
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The reference path reads as:

D_,=X0+R+R+ X1 (A.18)

The refracted light path reads as:

Drefrocs = LO+ NL + L1 (A.19)

Drefrace = X0+ ALO+ NL + AL1+ X1 (A.20)
The difference of optical path is given by:
AD = Dref 2 Drojraci = 2R = ALO — AL1- NL (A.21)

as for the reflection case:

ALO = ALl = R - R cosi (A.22)

and L is given by
L=2Rcosr (A.23)

The difference of path is -
AD = 2R - 2R(i - cosi) - N2Rcosr = 2R(cosi — N cosr) (A.24)

To have an expression which depends only on the deviation angle, the square
of the difference of path is compuied.

(ADY = (2R )?(Wszf + N'cos’ r— 2N cosi cos r) (A.25)
and using the classical relation between the square of sin and cos functions,

cos’ i =1—sin’i AT
Nicos’r=N>=N’sin’r
the following expression is obtained:
[ﬁn}l = [ER)I (I—Sinz.-'+N2 ~ N7sin’r — 2N cosi msr) (A.27)

which can be rearranged as:

{m}l = [m}z (1 +N* - (lem1r+sinzr'}— 2N cusfcasr) (A.28)

Remarking that:
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(Nsinr—sim']::N?sin1r+sin=i—2Nsinrsin:' (A.29)
equation (A.25) reads now as:

(ADY = (ZR})(] + N? —(N'sinr~sini) — 2N sin r sini — 2N cosr cns:’) (A.30)

Noting that the term (n sin r —sin 1) is identically null, according with the second law
of Descartes. using a bit of trigonometry, the final expression is:

(ADY = (2R)(1+¥* =-2Nsin(f-r))'='(2.ﬂ)’[1 +N? - stingD (A31)

C ——

Note: Geometrical optics predictions are not possible when two rays of the same |
kind are crossing, i.e. at all rainbows. l

An example of predicted intensity of scattered light is shown in figure A 6.

A Ehe 175 61
1 - 1 Al & §
] 3 >l 16N

Figure A.6 : Example of scattered intensities predicted by geometrical optics,
Software interface,
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Appendix B: The Brent method.

The Brent method is extensively described by Press et al in Numerical Recipes
(section 9.3, page 352). The aim of the Brent method is to numencally solve
equations as f{x)=0. The main fact is that this method asks only for the following
conditions:

» Only the function f{x) has to be known, its derivative {'(x) is not used

» A domain [x, y] on which the function while have only one zero

» The sign of the function must be different on [x, z] and [z, y], where z is the
zero of f(x),

# The accuracy at which z has to be determined.

The method is guaranteed (by Brent) to converge, so long as the function can
be evaluated within the initial interval known to contain a root.

Brent’s methoed combines root bracketing, bisection, and inverse quadratic
interpolation to converge from the neighborhood of a zero crossing. While the false
position and secant methods assume approximately linear behavior between two prior
root estimates, inverse quadratic interpolation uses three prior points to fit an inverse
quadratic function (x as a quadratic function of ¥) whose value at y = 0 is taken as the
next estimate of the root x. Of course one must have contingency plans for what to do
if the root falls outside of the brackets. Brent’s method takes care of all that. If the
three point pairs are [a, fla)], [b, f(b)], [¢, fic)] then the interpolation formula is:

o br@lrek  pesolly-f@k | -f@ly- s@p
[f) - r@llf@ = )l Lr@-rolls@-r©l] Lre)-rollre) - f@)

Setting y to zero gives a resuit for the next root estimate, which can be written as

x=b+P/Q
where, in terms of
R=[®d)/ flc), §=f®)f(a), T=fla)f(c)
we have

P=S[T(R-T)c-b)-(1-R)b-a)]
Q=(T-1)R-1)S-1)

In practice b is the current best estimate of the root and P/Q ought to be a
“small” correction. Quadratic methods work well only when the function behaves
smoothly;
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Absiract .

To measure the temperature of individual droplets or the average lemperature in a section of a spray, the analysis of the light scattered
around the rainbow angle provides an attractive approach. Up to now, the analysis ol recorded rainbow signals has been carried out in
the framework of the full Lorenz—Mie theory or of the Airy theory. In this paper, we consider four approaches {Lorene—Mic, Debye, Airy
and Nussenzveig approachcs) to compute the light scattered around the minbow angle, and we compare them in terms of accuracy and
time-consumption. It is shown that the Complex Angular Momentum (CAM) theary proposed by Nussenzveig, maodified by using empir-
ical coefficients, allows one to accurately compute the light scatiered around the rainbow angle in a large angular domain for particles

with diameters as small as 10 pm.
£ 2005 Elsevier B.V. All rights reserved.

1. Intreduction

MNowadays, the measurement of thermophysical proper-
ties of sprays is of utmost interest. The aim is to measure
the temperature and/or composition ol moving droplets
with diameters ranging typically from 1 to 200 pm. Differ-
ent teams bave developed various techniques 1o extract the
temperature of spray droplets, including two-color Laser-
Induced Fluorescence (LIF), Morphology Dependent
Resonance spectroscopy (MDR ) rainbow  refractometry,
extended Phase Doppler Anemometry (PDA) Lo name a
few. It is worth mentioning that each of these techniques
has advantages and limitations.

More particularly, rainbow refractometry relies on the
sensitivity of the rainbow location with respect to the value
of the refractive index. In a typical measurement, one re-

" Corresponding authors, Tel /fan: +33 2 32 95 37 95 (S, Sacogkuew),
Tel./fax: 466 2 218 68 77 (T. Charinpanitkul).
E-mail addresses: sowilree sorcomw I (8. Swngi:a:wl, elaa b v chula
ac.th (T. I'_"I'Ikl.riI'.'Iphl'lilh.lll]1 recban o cori e (G Grehan),

GI30-4018/S - see front mutter @ 2005 Elsevier B.Y. All rights reserved
dor 0. 108 6/).optcom. 2005,08,031

cords the light scattered around the rainbow angle, and
one extracts the sizes (size distribution) and relractive indi-
ces ol scattering particles [rom rainbow signal properties.
The quality of the inversion depends on the quality of
the theoretical model used 1o describe the scattered light.
However, fast computations are also of interest because
they offer the possibility ol real time analysis. Therefore
different approaches have to be compared in terms of accu-
racy and time-computation.

The paper is organized-as follows. Section 2 recalls dif-
ferent theories which can be used o predict the light scat-
tered around the rainbow angle by a single droplet. Section
iis devoted to the comparison between predictions of rain-
bow signals from a single particle and global rainbow sig-
nals scattered by a cloud of water droplets by using
Lorenz-Mie, Debye, MNussenzveig and Airy approaches.
MNussenzveig approach is modified by using empirical
correcting coefficients in order to obtain accurate and last
predictions in a large domain of scattering angles and
refractive indices. This is supplemented by a discussion of
the global rainbow technique. Section 4 is a conclusion.
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2. Theoretical background

Rainbow is one of the most beautiful visual phenomena
in nature. In the simplest case, it corresponds to the scatter-
ing of refracted rays impinging on to a spherical homoge-
neous sphere. To understand the physics of rainbow, an
overview of theoretical approaches conducted by Adam

|| could be consulted. Other text books could also provide

comprehensive information on the rainbow as by Grandy 1]
or by Lee and Fraser | 1]. More specifically, it is known that
the Lorenz—Mie theory is a vectorial theory 4.5 describing
rigorously the scattering of a plane wave by a perfectly
spherical homogeneous particle. All scattering modes are
included in the Lorenz-Mie theory but this theory does
not distinguish between the differcnt paths of the incident
light inside the particle. Furthermore, the computational
time increases dramatically with the size parameter and
can become prohibitive, especially for inverse problems
for which a huge number of iterations is necessapy. In
the far field approximation, the Lorenz-Mie theory pro-
vides expressions [lor electric feld eomponents which
can be written as '

LE =, 2 |
Ey= axp{ Jkr}CDSfPZ {:i N
% la,t,(cos 0) + ib.n,(cos ()], (1)
—Eq = 2+ !
Ey= g exp({—ikr) sin qu
% la,n, (cos ) + ib,1,(cos 0], {2)

in which the generalized Legendre lunctions are defined by

PI' fl 1
na{cosl) = {r:; ) , Talcos0) = df"_,.E;‘-"‘l;S_ﬂ} (3)
and the Mie scattering coefficients are given by
_ Y@ (B) — N (), ()
T Gl (B) — NE (), (B) M
b, = N (W (B) — (), (B)
TONE () (B) - E(a) ()

with the size parameter(a) defined asa = zdf and f = Na,
d the particle diameter, N the complex refructive index, 2
the wavelength of the incident beam, & the wavenumber
k = 2nfi. Also r is the distance between the particle and
the observation point, and E; is the amplitude of the inci-
dent feld.

Next, the Debye theory © 9| can be considered as a post
processing of the Lorenz-Mie theory in which the coeffi-
cients a, and h, are written as series. Moreover, the Debye
series provide the opportunity to distinguish the contribu-
Lion of different kinds of “‘rays”, i.e. diffracted rays, exter-
nally r:ﬂw:tcd rays, rays which experiment p— | internal
reflections, ... before leaving the particle, by truncating
a, and b, expressions according to

w s [ 4H82=3 TPy ra|, 5
5|1 +E; FE_: (®'y'T, (
in which RZ, R!', T and T!* are the reflection coefficient
outside of the particle, the reflection coefficient inside of
the particle, the coefficient of transmission [rom outside
to inside the particle and the coefficient of transmission
from inside Lo outside of the particle, respectively. In both
Lorenz-Mie and Debye frameworks, scattered intensities
dre proportional Lo

U=(E\E} + E,E;,. (6)

The two next theories considered below have been ini-
tially developed within a scalar [ramework and later general-
ized 1o 4 vectorial framework ' 10,1 1]. Nevertheless, because
the polanzaton is fully mastered in rainbow experiments, we
can [ocus our attention to the scalar version of these theories,
for the appropriate polarization.

The Airy theory [12.13] in a scalar framework describes
the scattering of rays leaving a spherical particle in an
dangular region close to the geometrical rainbow of order
p — L. The Airy approach is known to have a very limited
range of application 1.14]. The scattered intensity evalu-
ated by Airy theory is given by

1ia
(0.8 = @ o] coswa @) sn0n), (0
in which Aiis the Airy function and the argument z is
1217
2= 00 0

with Ug the rainbow ingle, ¢ an integer equal to +1or -1 in
such a way that the rainbow angle satisGes 2nf+ gfly =
{tp — pr's) with Fan integer. 1, and 1', are the complements
ol incident and refraction angles of the incident rainbow ray

for p — 1 internal reflections, given by
A 11"
lantg; = Lm?] v (9)
PN 1))
tant, = |[———-! . 10
» 2 N | (10)

In Eq. (8], Aiis given by

h= =17 /PN - [ -~y ="
and & is given by
B = (1 —rf)(r)¥" (12)
with

- sin(t, — 1) _tan(r, — 1))

 sin(r, + ) tan(t, + ) (13)

The computational time of Eq. (7} is very small com-
pared to that of Lorenz Mie theory and essentially does
not depend on the particle diameter.



Finully, a Complex Angular Momentum theory (CAM
theory) developed by Mussenzveig |15 17] provides the
possibility to transform series into integrals which are
analytically solved by introducing various approxima-
tions, depending on the angular region and on the kind
ol ray ol interest. [t is found that, as a scalar theory
CAM, is applicable within a range wider than for the
Adry theory. In order 1o describe the first rainbow, Nus-
senzveig originglly determines six angular regions requir-
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a H
C= 28 ’H: (18)
dc(35)!
and
_ gt
.t=sinU.R=(4 3N) i (19
2 _ 1nd
¢ = cos g = %) . (20)

ing separate lreatments and leading to six  different
formulae. Later he develops 115 a uniform asymplotic
approximation which extends over an angular range
including both limits (close to and [ar from the rainbow).
Mevertheless the uniform asymptotic formuola has been
published with coefficients for water and s domain of
application is limited to |0 — 0g| < a3, that is to say,
for a 100 um particle, the deviation [rom the geometrical
rainbow must be smailer than 5°. In this paper we claim
that the equation for the rainbow close to Lhe geometrical
rainbow (15} can be cfficiently modified to evaluate the
amplitude of scattered light in a large angular domain.
For a totally reflected ray, the amplitude is evaluated

by using
¥ N —cos?(0/2) = sinfl)/2)
N —cos?(0/2) + sin(0f2)

% exp —Eizrsin{n‘?,-"z}j{l + 2% [m
2N’ — cos'(0/2) | %

T N = cos(0/2) WZ]] } V.

Furthermore, lor the first rainbow close to the rainbow an-
gle. the rainbow amplitude can be évaluated by using

d 166" 1 n
PP J
2 3 (sinﬂ) c{ 6

% exp [Bica + isae + idae’ + Ofas')]

x{p+m@+mrm

_fuﬂ:mu {.a\ ﬂ] -

.l"!‘:mbcr* {’5? ]

-

;
'wwwrn+m+om”

(3s)

~€ T+ o) +0()|

(2a)"

; ¢ cf2 }
w Al
[ (3s)}

(1 + Be + O(£%))

I

(16)

in which

e(11c? — 15)
3652
875¢% — 1257¢* + 657 + 45

B = b
8640(sc)’ ‘ (1)

A =

Also 0y is the incident angle on the sphere generating the
rainbow angle and & is the difference between the observa-
tion_angle and the rainbow angle (! — Ug = &). For rays
emerging (ar (rom the rainbow angle, the amplitude of
the scattered light is equal to the summation ol two elemen-
tary amplitudes associated with geometrical optics rays,
given by

(e M“E{ (sin [.l.)’f (2N cos ), Eusﬂz}i'__
L 2 sint! (N cos 0, — 2cos 0, jJ'

{N.:usu;—cmm < exp [2ie(2N cos ), — cosil )]
{Nmsﬂ; +costh)'
iG(0,0,)
| 1600, 1 21
6d4acosth | | e
s fth=s

. d [ (sind,\! (2N cos0, cos )’

(o, 0) === ( 3 ) 1

/: ) 2{ sind /' (2costl, — N costh)’
'[NCOSU: cosly)

fﬁwsﬂz +costy)’

7 exp [2ix(2N cos 0; — cos 0, )]

G0, 0
dsgesll @)
in which
mmmEWW+th;ﬂJ4ﬂ% 1)
—lef ] ——Ei TE + tan’f), [Sﬁf 324 ?;
79 33 51
222 - 1Y 1) 42— t}*]
(23)
with
cos )
A= o 0y’ (24)

It is recalled that the angle of incident ray on a sphere
and the angle of refracted ray are related by the following

relation:
2, -0, =(x—-0)/2,

sinfl; = N sin th, (25)

Eq. 25) can be rewritten as

2 2mdz’ — dm(l — m)Z + AmPdz 4+ mid* = 0 (26)
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by setting L4
1 N? | £ i
= %i = = = A1 : Diebye. pelland 2
z=sinll, d=2cos (2 ;o m= T (27) ; bt
1,2 4 1 Nussemgveig, p=l
The roots of Eq. | 20) correspond to two incident angles || Ay

for each scattering direction. The smuller root corresponds
to a ray with an impact parameter smaller than the rain-
bow ray while the larger root corresponds to a ray with
an impact parameter larger than the rainbow ray. The
domain ol application for Eqs. (11} and (22] is essentially
2 ¥ 11 P [ H
defined by & = m that is to say for a water droplet with

4 size purameter equal to 500, & must be larger than 0.25°%.

For practical purposes, the computation time is essen-
tially the same than lfor Airy theory but is about 300 times
smaller than that for Lorenz—-Mie theory.

3. Results and discussion
3.1, Investigation with a single droplet of water

To the best of our knowledge, Khare and Nussenzveig
'15] are the only ones to provide a comparison between
the CAM theory und other approaches for light scattering.
close to the rainbow angle, in the range from 135° to 1422,
for water. In global rainbow technique, the collecting angle
can be larger while other previous works generally concen-
trate on the lower range of scattering diagrams, Therelore,
in this work, we shall especially focus our attention, while
still considering smaller angles, on the angular range from
142° to 150°. Figs 1 und 2 display the normalized infensity
vs. the scattering angle for a large angular range between
135° and 150°. The normalization has be defined in such
a way that the maximum of the Debye predictions with

p=2is equal to unity. The sume normalization factor

has been afterward applied to the other approaches.
From b |, considering the main peak of primary rain-
bow, we observe a significant difference between Lorenz—

1.6
Lazrenz-Mie
14 4 Debye. p= (b and 2 i |
Debye, p= 2 ‘f )
1.2 4 BNussenzveiy, pel
= Airy, p=2 I
E 1.0 |
a ' - -
x AY"1 ‘
£ ng4 A2 ' !
E 06 s '
E n4 \ L
=
“
na
01114

140 142 144 I46 148 150
Scattering angle

Fig. |. Comparison of the riinbow ray intensity predicted by the Lorenz-

Mie, Debye (p = 2), Debye (p =0 and 2), Airy and Nussenzveig (p = 2)

theories. The size parameter is equal 1o 30 and the refractive index is equal

ta 1,33, The incident wavelength is 0.6 pm.
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Fig. 2. Compamson of the minbow ray intensity predicied by the Lorenz-
Mie, Debye (p = 2], Debye {p =0 and 2), Airy und Nussenzveig (p = 2)
theories. The size parameler is equal to 500 and the refractive index is
equal o |33, The incident wavelength is 0.6 um.

Mie and Debye predictions (with p = 0 and 2) to be attrib-
uted tointeractions of higher order rays which are not neg-
ligible for the case of small ecnough particles (the size
parameter is 50). Predictions from Debye (with p = 2), Airy
and Mussenzvelg approaches perform more poorly,
Although Nussenzveig and Airy predictions are in good

agreement, they underestimate the scattered light intensity

compared with Debye theory results within the angular
range 136°-142° and overestimate within the angular range
145%150°.

For the case of a larger particle with a size parameter
equal to 500, Fig 2 illustrates that the Airy and Nussenz-
veig predictions are identical und close to the Debye predic-
tion for the main peak of the primary rainbow. Conversely,
for the supernumerary bows both theories display intensi-
tiecs which are significantly larger than for Debye and
Lorenz-Mie predictions (approximately twice for the
fourth stipernumerary bow). Concerning the peak loca-
bons, Nussenzveig predictions are nearly in phase with
Debye predictions while Airy predictions progressively
shift to higher angular values. This leads to the conclusion
that Nussenzveig predictions are more accurate than Airy
predictions especially when' one cansiders supernumerary
peak locations.

However, in order to obtain more accurate predictions
for the light scattered lar rom the rainbow, a deeper dis-
cussion relying on Nussenzveig's equations {21) and (22]
must be carried out, especially for the case when the scat-
tering angle is larger than the geometrical optics rainbow
angle. Vg, 5 compares the results obtained by using Egs.
(210 andd {221 with results from Debye theory with p =2,
It is observed that, for the increasing part of the main rain-
bow peak (scattering angle up to 139°), Nussenzveig pre-
dictions (with Eqs. (21) and (22)) exhibit significant
differcnces with respect to Debye predictions. For higher
scatlening angles, an accurate enough prediction can be ob-
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Fig. 3. Comparison beiween minbow prediclions by Missenzveig (p = 2.
formulae 127} snd Debye (with p=2) theorics: The size
parameter is equal to 500 and the refractive indices is 1,33 The incident
wavelengih is 0.6 pm.

My oaml

tained but remain limited to a rather small computational
domain. In the range from 139° to 151°, the predictions
based on Eqgs. i 21; @nd (22) are more ageurate than from

Eq. (1 5). The locations of the sup!:rnurmmry bows are very

sutisfactonly predicted but the intensity is underestimaied
by about 5%. Nevertheless, limitations towards high values
of the scattering angle can be a penalty to gccurately en-
ough fit experiments in a large angular domain:

Relying on these observations, correction coefficients for
intensity predictions with Nussenzveig theory are evaluated
by using the following procedure:

» Compute normalized scattering diagrams for particle
sizes ranging from 10 to 100 pm in the framework of
Debye theory (p = 2) and with Eg. (15 of Nussenzveig
theory.

» Then, compute the argument z of the Airy function as a
function of the incident wavelength, particle digmeter,
particle refractive index and scatlering angle.

s Plot the normalized scattered intensitics obtained from
Debye und Nussenzveig predictions versus z.

s Finully compute the ratio of the Debye normalized
intensity over the Nussenzveig normalized) intensity.
The result is an empincal correction coefficient.

Fig. 4 displays the ratio of scattering intensity predicted
by the Debye theory over Nussenzveig normalized intensity
against z with particle size as a parameter. For these com-
putations, the material is water with N equal to 1.33, Coel-
ficlents of linear regressions to be used for modified
MNussenzveig prediction are displayed in Tuble |,

Afler insertion of the empirical coefficients into Nus-
senzveig approuch, it can be observed from Frg 5 that
the modified Nussenzveig predictions lead to scattering dia-
grams which are in excellent agreement with the ones from
Debye theory with (p = 2) for all investigated particle sizes,

Fipm <o < 125 pm

= Ja 11} micnm
= dm il mima
3w
o (M) il #ll

Intensity Ratio (=)

Fig. 4. Ratio of Debye normalized intensity over Nussenzveig normalized
intensity for various particle sizes.

Tabie |
Coctficients of linear regressions for modified Nussenzveig predictions

Particle sixe Linear regression

d<|Sum y = —0.25232 + | 2807
15pm<d < W pm p=—0.1642= 4 1.1722
10 pm < < 75 pm y = —0.09462 + 1.0982

=0.0593: + 1.0639

sens Debye,d= |5 pm
saes Dby, = 33 pm
Dby, d = T4 um
1.0 - - Nusacnrveig, ol = 15 jpm
‘ ﬂp 5 - Nusenzveig, o = 15,1 jim
i ¥ —= - Nusserovelg, J = 35 pm
08 -‘ff 1 3 "
1
&

Normalized Seatterin intensity
g

bz
an —al '
|
-n!! r . .
130 135 140 145 150 155 160 165

Scattering Angle

Fig. 5. Companson ofscattefing disgrams obtained from the Debye and
MWussenzveig (with modified formulse (| 51) predictions lor various particle
Si7Es,

Although not shown bere, computations carried out for
different refractive indices between 1.3 and 1.4 confirm that
the insertion of the correcting coefficients is efficient to
quantitatively predict the rainbow structure within the
angular domain from 130° to 160°. Also, sensitivity tests
have been carried out at boundary between correcting coel-
ficient domains. For instance, Nussenzveig predictions for
d = 14.9 um and [5.1 pm depart of about 10% from Dcbye
predictions for 15 pm.
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Moreover, to predict the reflected light intensity
around the rainbow angle, Alexander’s dark band has
to be discussed in a specific way due to the fact that
intensities predicted by Airy and Nussenzveig approaches
decreases there very fast due to the absence ol imternal
reflections, Fig. 6{a) displays the scattered intensity versus
the scattering angle in the angular range from 1307 to
160°, Debye (with p=2) and MNussenzveig approaches
{with p=2) [ail to predict the scattering intensity in
Alexander’s dark band. Interestingly enough, for scatter-
ing angles larger than 135° can consistent predictions be-
tween Lorenz—Mie, Debye and Nussenzveig approaches
cian be obtained as shown in iz 6(b). Let us also note
that different refracted rays can interfere, creating [ringes
of higher frequencies called “‘ripples”. These fringes carry
some amount of information which can be useful for
more accurdate particle size measurements [19 20} Also,
MNussenzveig and Debye predictions with p =0 and 2 ex-
hibit a consistent agreement within the Scauering angle
range smaller than 154°, which is a suitable ranpe for
water droplet measurements. '
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Fig. 6. Comparison of normalized intensities predicted by the Lorenz—
Mie, Diebye (p =0 2nd 2), Nusseozveig (p = 0 and 2). The size parameter
is equul to 500 and the refructive index is equal 1o 1.33. The incident
wavelength is 0.6 jum.
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Fig. 7. (a) .ﬁmmﬂd size distribution of water droplets used to assess the
quality of different approaches. (b) Companison between global rainbow
intensities from Lorenz-Mie, Airy, and Nussenzveig theories.,

3.2, Investigation for a cloud of water dropleis

The light scaltefed around the rainbow angle by a cloud
ol water droplets is used for global rainbow refractometry.
The reference signal, computed ip the framework of the full
Lorenz—Mie, is compared to_predictions from Airy and
Nussenzveig theéories. The rainbow generated by refraction
through droplets of water with Nequal to 1.33 is used to
check aforementioned approaches. The droplet size distri-
bution with a Gaussian shape shown in Fig 7(a) is used
to assess the quality of the different approaches under
study. Iz 7(b) displays the global rainbow predicted by
each approach under study. Red,' blue, green, pink, light
blue and black curves represent scattered intensities from
Lorenz-Mie, Airy, Nussenzveig with p =0, 2 and 3, Nus-
senzveig with p = 0, Nussenzveig with p = 2 and Nussenz-
veig with p =3, respectively. For small scattering angles

' For interpretstion of color in all figures, the reader is referred ta the
web version of this article.
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{between 130° and 135%), departures of predicted values
from Lorenz-Mie results are significant due to the role of
the secondary rainbow. This observation suggests that
more refined empirical coefficients could be useful to gener-
ate better agreements in this range of angles.

Within the main rainbow peak domain, all predictions
are essentially in good agreement. Nevertheless, a closer
examination ol displayed resulis reveals that Airy predic-
tions globally shift toward larger scattering angles. More-
over, for Nussenzveig predictions, with the contribution of
the secondary rainbow taken into account, the predicted re-
sults are in perfect agreement with Lorenz—Mie predictions.
Mevertheless, for larger scattering angles, is observed that
modificd Nussenzveig predictions are better with respect
to Airy predictions which produce overestimated intensities
and supernumerary peaks shifts for larger scattering angles.

4. Conclusion

Rainbow refractometry analysis can provide accurate
and fast measnrements of particle size and refractive index
requiring on the analysis of the light scattered around the
rainbow angle. A theoretical description can be carried
out by using the CAM theory as used by MNussenzvcig. A
modified Nussenzveig approach with empisical correction
coefficients can successfully predict the light scattered in
large range ol angles, refractive indices and particle sizes.
More specifically, the modified Nussenzveig theory pro-
vides predictions of rainbow refractive intensities close (o
Lorenz-Mie theory predictions but it requires dramatically
smaller computation times, similar to the computation
times in Airy approach.
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This paper is devoted to the study of spray characteristic created by ultrasonic nozzles.
The major advantages of such nozzle are to create a spray with small size. narrow
distribution and low velocity, Several optical techniques are applied to extract
information close and far from the orifice

1. Introduction

Ultrasonic nozzles use the ultrasonic vibrations to generate the liquid atomization. In contrast
to conventional spraying mechanisms which rely on relatively high hydraulic pressure or high
velocity gas streams for atomization of liquid media, ultrasonic nozzles could produce very
fine droplets with a relatively uniform diameter, while no requiring high air compressor or
high pressure pump to produce such small droplets. The atomization by the ultrasonic nozzle
is possible even with a low liquid flow rate. Moreover, there is no problem of clogging
because of the relative large aperture of the orifice. Therefore, ultrasonic nozzle spray
technology is used in a wide range of industrial and research applications such as medical
nebulizers, combustion and drying, paint spraying sysiems, encapsulation and surface coating
[1,2,3]. Nevertheless, a better understanding of the characteristics of the spray produced by
such ultrasonic nozzles is necessary to improve their use. The objective of this research is to
study the behavior of a spray produced by such a nozzle.

The paper is organized-as-follow. Section. 2 describes the nozzle used and its working
conditions. Section 3 is devoted to the measurements. These measurements characterize the
spray just at the orifice output (size, velocity, temperature) and far from the orifice (size and
velocity). The section 4 consists of a conclusion where the behavior of the nozzle for other
working conditions and liquids is considered.

2.  Experimental set up

Figure 1 shows that an ultrasonic nozzle structure is an acoustically resonant device
consisting of a pair of piezoelectric ceramic rings sandwiched between a backing piece (1)
and a mechanical transformer (2). The atomization take place at the free end of the
mechanical transformer forms called atomizing surface. The liquid is delivered to this surface
through the hole (3)
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(1.1) (12
Fig. 1 : 1.1) Scheme of the ultrasonic nozzle. 1.2) Photography of the studied nozzle

Ultrasonic nozzle used piezoelectric ceramic to generate ultrasonic energy by transforming
electrical energy to mechanical energy in order to vibrate an atomizing surface. At the
resonance frequency, which is a function of geometrical characteristics of the nozzle, the
direction of vibration is perpendieular to the atomizing surface. When a liquid is introduced
on to the atomizing surface, it spreads and forms a thin liguid film. The liquid film adsorbs a
fraction of the vibration energy creating a unique wave pattern on the surface, known as
capillary wave. When the amplitude of the underlying vibration is increased, the amplitude of
the capillary waves increases correspondingly. Finally, when the critical amplitude is reached
the height of the capillary wave exceeds that required to maintain its stability. The wave
collapses and tiny drops of liquid are ejected from the top of the degenerating waves [3].

3. Measurements
3.1 PDA measurements

A first experiment has been carried oul, measuring the size and the velocity of the droplets at
5 mm from the orifice on the axis of the canal orifice (see figure 1). The PDA configuration
used was the standard PDA configuration and the processing of the events was carried out by
using the Dantec PDA (58N80-58N81) and Dantec software. The duration of the
measurement was about 5 minutes for 500,000 events. The experiment starts with the
excitation of the nozzle.

. : - [ 0
2000 9000 2000 0890 100000 Z00DM 4800 006 1000
BOALT [mu} FOA D jur] POAY fenfa)

Fig. 2: Example of PDA measurement at 5 mm from the orifice



Figure 2 displays histograms of longitudinal velocity, diameter and transverse velocity for a
flow rate of 1.1 cm’/min and excitation frequency is 46 kHz , in the case of water. A nearly
perfect Gaussian distribution of the particle size characterizes the spray. The spray parameter
are Dip =46 68 ym and D3; = 63.9 um

Then the following post-processing has been applied to the measurement series:
1. The measurement series has been divided in windows of equal duration
2. Each temporal window has a duration equal to 100 ms.
3. For each window, we compute and record: the number of particles, the average
velocities (longitudinal and transverse), and the average diameter
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Fig. 3 : Processing of PDA temporal series. 3 1) number of particles versus ume, 3.2) Longitudinal
velocity and diameter versus time, 3.3) Transverse velocity versus longitudinal velocity, 3.4) diameter
versus transverse velogity

The results are plotted in figure 3. Figure 3-1 displays the number of measured particles
versus time. From this figure, it is shown that the flow of particles is essentially constant at
this location (around 80 particles every 100 ms), Figure 3-2 displays the average mean
velocity and the average diameter versus time. From these figures it can be conclude that:

I The longitudinal velocity is small, about 60-80 cm per second.

2. A correlation between size and longitudinal velocity exists: the biggest the particles,

the smallest the velocity.
3. The correlated size/velocity evolves on a short time scale.
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4 A continuous evolution at long time scale of the size and velocity appears (see the
linear regressions)

In order to confirm these remarks, the transverse velocity versus the longitudinal velocity and
the diameter versus transverse velocity has been plot (see figures 3.3 and 3.4). A strong
correlation still exists between the longitudinal and the transverse velocity as well as between
the transverse velocity and the diameter.

From these results it can be explained that the changes of size at short time scale is due to the
effect of a transversally fluctuating flow, while long time evolution must have another origin.
We postulate that this effect could be related to the change of the nozzle temperature due to
the excitation. The study of this effect is the aim of the next section.

3.2 Temperature measurements

3.2.1  Nozzle temperature

The temperature of the nozzle has been recorded by using an infra red camera (ThermalCAM
PM595 LWB with objective of 24° from FLIR Systems). Figure 4.1 displays maps of the

nozzle temperature at the beginning of the excitation and 15 minutes later while figure 4.2
displays the temperature at the nozzle orifice versus time
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Fig. 4 - 4.1) Maps of infrared emission for the nozzle just at the beginning of excitation and 13
minutes later - 4.2) Temperature at the nozzle onfice versus time.

A strong increase of the nozzle temperature is observed. The increase of the nozzle
temperature is estimated from the infrared images (after a Calibration) to be of about 40°C
This temperature change of the nozzle will induce a temperature evolution of the liquid
droplets. The next section is then devoted to temperature measurements of the droplets spray
near the nozzle orifice

3.22 Droplets temperaiure

To measure the temperature of the droplets just at the onfice of the nozzle a global rainbow
refractometry experiment has been carried out The concept of the global rainbow
refractometry has been introduced by van Beeck and Riethmuller [4], from whom the
complete details of the technique could be obtained. Here we just recall that contrary to the
rainbow refractometry on individual droplet which is very sensitive to departure from perfect
sphericity, the global rainbow created by a large number of droplets is insensitive to such an
effect, under the assumption that the orientation of the droplets is fully random and that the
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ellipticity of the particles is small enough to verify that the individual rainbow are only
angularly shifted [5]
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Fig. 5 : Example of global rainbow measurcment at 5 mm of the nozzle orifice. 5.1) direct record of
the hght scattered around the first rainbow angle. 5.2) Comparison between global rainbow signatures
just at the beginning of the excitation of the nozzle and 5 minutes later. The temperature T1 and T2 are
estimated to 20°C and 50°C.

Figure 5.1 is an example of a recorded experimental rainbow while figure 5.2 displays the
recorded intensity versus the pixel number (scattering angle), at the beginning of the
excitation and 5 minutes later. From such curves the temperature evolution of the droplet can
be extracted. In this case, the temperature is estimated to 50°C, essentially in agreement with
the results of the previous section.

To this increase of the liquid temperature is connected an evolution of its physical properties,
which could induce the observed diameter and longitudinal velocity evolutions at long time.
This is a point still under study Nevertheless the results reported below are sufficient to
demonstrate that these ultrasonic nozzles are well adapted to create a stable, well-mastenized
cloud of small droplets with a low velocity, which could be easily transported by an accessory
flow. When the cloud of droplets dilutes, its properties (mainly its size) may evolve and could
not be longer measured by PDA as the waiting time between events increases prohibitively.
The next section is devoted to the presentation of some Interferometric Laser Imaging
Droplets Sizing (ILIDS) results obtained at 50 cm from the orifice in a free fall configuration.

3.3 Measurement far from the orifice

To measure the characteristics of the spare spray far from the orifice, a suitable technique is
ILIDS which has been introduced by Glover et al [6], and then studied and developed by
several teams [7-11]. The measurement principle of ILIDS is based on the record of an off-
axis, out-of-focus image. The size of the particle image is only a function of the lens aperture
and the magnitude of the out-of-focus. The size information is coded in the fringes created by
the interferences between the light reflected and refracted by the droplets. To study the spray
at 50 ¢cm from the orifice, a classical PIV set up (it is a classical TSI PIV set-up and the PIV
processing is carried out by Matlab toolbox) is used. The only difference between a classical
PIV measurement and an [LIDS measurement is that the recording camera has to be moved
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towards the laser sheet (by 5 cm here) to obtain out-of focus configuration. The time between
two pulses i1s equal to 600 us and the repetitiveness is of 10 couples of images by second
Figure 6.1 displays such a recording (one image of a couple). By analyzing such images with
devoted software, the size distribution displays in figure 6.2 has been obtained (Do = 50 um).
This size distribution well compares with the size distrnibution obtained by PDA as previously
shown in figure 2. Furthermore, by applying a classical PIV processing to the couple of out-
ofout-of-focus couple of images it is possible to extract a map of velocities (the arrows in
figure 7). The velocity is measured to run from about 0.1 m/s to 0.3 m/s which is in agreement
with the free fall velocity for drops of this size, showing that the injection velocity is not
longer dominating. Furthermore, from image as the one displayed in fig. 6.1, it is evident that
the particles are not uniformly or randomly distributed but are organized in assembly of drops
with close characteristics (velocity and size).
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Fig. 6: ILIDS measurements. 6.1) Example of a recorded ILIDS image, 6.2) Size histogram obtained
by analyzing 50 ILIDS images

o

L1

Fig. 7. Exarnple of a PIV/ILIDS map. The arrows give the velocities (direction and amplitude). From
the fringes the size of the droplets could be extracted while the velocity is obtained from standard
PIV software
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4. Conclusion

The behaviour of a water spray created by an ultrasonic nozzle has been studied. To reach this
aim. an experimental procedure has been developed to measure the spray characteristics near
the orifice (velocity, size, temperature) as well as far from it (velocity and size). The spray
characteristics presented here for water droplets have also been obtained for other liquids and
other flow rate.
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ABSTRACT

This paper is devoled to the in situ measurement of the refractive index of small droplets. The aim is to compare the
advantages and limitations of two different techniques. One, the Dual Mode PDA, is based on a post -processing of the
records of a commercial device working on individual droplets while the second, the Global Rainbow, works directly on
an ensemble of dropleis. A particular attention is devoted to define the validity of the Airy approach when the droplets
are small.

Keywords: refractive index measurement, Debye theory, Lorenz-Mie theory, rainbow technique

1. INTRODUCTION

The measurement of the properties of liquid droplels in a flow is still a challenge. A large cffort has been devoted 1o the
measurement of the velocity and size of such panticles during the last two decades. Now the challenge is to obtain
information on the thermal properties of such moving particles inside a flow.

Our presentation to the Hangzhou conference is focused on the comparison between the measurement by Dual
MODE phase Doppler and the Global rainbow refractometry of the refractive index of droplets with a diameter smaller
than 50 pm. A particular attention is devoled to the discussion on the accuracy and measurement range of each
technique for a given adjustment.

The paper is organized as the following : section 2 recalls the basis of the DUAL MODE PDA technique as well
as for the global rainbow. section 3 describes the experimental spray, while section 4 compiles some preliminaries
results obtained by the Dual Mode approach, section 5 is a conclusion.

2. THEORETICAL BACKGROUND

2.1 Dual Mode PDA

The Phase Doppler Anemometer allows the measuring of the velocity and the size of individual particles. The
velocity is directly determined by the value of the frequency of the collected signal. The size is extracted from the phase
difference which is defined as time delay between two detectors of which is normalized by the period and then is
multiple by 360°. The Dual Mode PDA has been introduced few years ago [1]. The mean particularity of that
approach is to combine behind a unique collecting lens two PDA systems: one is in the standard configuration while the
other is in the planar configuration. Then the two systems don’t have the same answer to the size and the refractive
index of the particle. And, as exemplified in figure 1, the ratio of the two measured phases is a univoque function of the
refractive index of the particle. Nevertheless, remark that with this technique the maximum of sensitivity (accuracy) is
obtained for the lower refractive index.
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Such an approach has been previously used to measure the refractive index of relatively large particles by using a
prototype of a Dual Mode PDA. Here. we use a classical commercial PDA. and the refractive index information 15
obtained by realizing a post processing of the recorded data, available from the standard outpul of the commercial
VETSION.
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Figure |: Slope of the relation phase/diameler versus Figure 2: Example of a phase plot available from the
refractive index, computed m the framework of geometrical commercial system. Standard phase versus planar phase

optics. Black standard  configuraion. Red  planar
configuration. Green ratio of the phase.

Figure 2 displays a phase plol as purposed by the software of the commercial version. In this phase plot. we
remark a continue line, and on its sides two dashed lines. The continue line corresponds to the answer computed from a
supposed refractive index and the dashed lines defined the limits of the acceplable measurements. In blue are the
accepled points, in red the rejected ongs.

The post processing algorithm that we have developed is as follow :

#  We use the same phase plot, except that we don’t suppose a refractive index and that all the evemts are
accepted (see figure 3). The problem is now 10 find the slope of the linear regression describing these
points at best.

#  According with Press et al [2]. We select the following approach’ first we compute the location of the
maximum of the PDF (see figure 4), then, from these points, a linear regression is computed. s slope is
directly a measurement of the refractive index of the particle (see figure 4),

9191

(o]
e

|

!
i

e —

Figure 3 : A phase plot (for water droplet) Figure 4 : The extracted points of maximum of pdf and the
associaled best linear regression
This post processing has been applied to various recording corresponding to sprays of various liquids created by
an ultrasonic nozzle (see sections 3 and 4).
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2.2 Global Rainbow Technique

It is well known that the main rainbow, which is created by the “rays” experimenting one intemnal reflection. 15
very sensitive to the value of the refractive index of the particles. Then the possibility to extract the refractive index and
the particle size from the characteristics of the light scattered around the rainbow angles has attracted a lot of
researchers. In the field of combustion of droplets, following the pioneer of Anders et al [3] whose worked on
monodispersed. well spherical droplets, Van Beeck and Reithmuller [4. 5] try to measure refractive index and size of
individual droplet in more complex sprays. Due to the high sensitivity of the rainbow to non sphencily and gradient, the
difficulty was to select droplets which are nearly perfectly spherical. Then, Van Beeck and Reithmuller more recently
introduce the global rainbow techmique which is based on the analysis of the light scattered at the rainbow angle by a
cloud of droplets. Under the assumption of a random orientation of the dropleis and an independence of the refractive
index with the particle size, they shown that the global rainbow is nearly no sensitive to the presence of non spherical
particle. Nevertheless, the inversion (extraction of the refractive index and size distribution) is based on the use of the
Airy theory. The validity of this approach has not vet be fullv demonsirated for the small particles [6. 7]. Here, we will
evaluate the validity of Airy theory to deseribe the light scattering around the rainbow angle in two cases: (i) for one
particle {ii) for an ensemble of particles. When particles are small, the computation could be carry out in the rigorous,
electromagnetic framework of the Lorenz-Mie theory {or GLMT) but in this case the interferences between the light
externally reflected and the light who expeniments one intemal reflection create important fringes which complicate the
exploitation of the results, especially for one individual particle (see figure 5). Alternatively Debye theory and Airy
theory could be used. The Debye theory [#] is a post processing of Lorenz-Mie theory but give the possibility to sort the
light which experiments diffraction. external reflection. refraction, and » internal reflections. Figure 5 compares the
scattered intensity around the rainbow angle computed in the framework of the full Lorenz-Mie theory and in the
framework of the Debye theory, when only the rays experimenting one internal reflection are taken into account. The
particle i a water droplet (m = 1.33 — 0.01) with a radios equal 1o 25 pm.

Comparivon by Lorens M and Detye predcion Comparison Behween Debiye and Airy theory
Yo droxplet glre = 25 mecron for Be dropied sz = 25 mionon
s — -~ -
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Figure 5 Comparison between Loreniz-Mie and Debye Figure 6: Companson between Debye and Airy theory
prediction for a water droplet with a diameter equal to 25 pm for a waler droplet with a diameter equal to 25 um

The Airy theory also take into account only the rays experimenting one internal reflection, but the theoretical basis
15 “limited” to Huygens’ principle. Figure 2 compares, for the same paricle, the Debye predictions and the Airy
predictions. The conclusion is that the Airy predictions over evaluate the intensity of the supernumerary peaks and
under evaluate the intensity in the Alexander’s dark band but the mean peak is relatively well described.
Then by analysing a real global rainbow scattering diagram by Airy theory we must be attentive to-
» A possible under estimation of the collected intensity in the Alexander’s dark band due to the light
reflected by the particle

» A possible under estimation of the collected intensity as the scattering angle is upper of the rainbow
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angle, resulting from the competition between the under estimation of the contribution of the reflected
light and an over estimation for the supernumerary peaks

This fact is exemplified in figure 7 which corresponds to a real global rainbow scattering diagram (compuung in
the framework of the full Lorenz-Mie theory) compared with Airy diagrams corresponding (o the original distribution
and two best fiting of the light distribution on recorded rainbow. Note the best fit is for a refractuve index equal to 1.328,
Figure 8 compares the original and the extracted size distribution. From such series of computation, we conclude that
the global rainbow technique is potentially able to give the value of the refractive index with an accuracy on the 3 digit,
and a relatively good information on the mean size and size distribution for droplet as small as 10 pm in diameter if
precautions are taken when using the Airy theory
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Figure 7 ; Comparison between a global ranbow intensity
distribulion predicied by Lorenz-Mie theory and three Airy
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Figure & : Comparison between the onginal size distnbution
and the size distbution extracted by fitting Airy prediction.

predictions corresponding to the onginal predichon and the
best least square fithng.

3. EXPERIMENTALSETUP.

The droplets are produced by an ultrasonic nozzle designed by the Chulalongkorn University. Figure 9 shows that an
ultrasonic nozzle structure is an acoustically resonan! device consisting of a pair of piezoelectric ceramic nngs
sandwiched between a backing picce (1) and a mechanical transformer (2). The atomization takes place at the frec end
of the mechanical transformer form called atomizing surface. The liquid is delivered o this surface through the hole (3).
These nozzles are characterized by a particle size distribution nearly Gaussian, as exemplified in figure 10. Furthermore,

nearly all the droplets have a diameter smaller than 50 um : the mean diameter [),, is equal 28.4 jum to and the Sauter

diameter )., is-equal 1636.2 pm.

(1) (2)
Figure 9: 9.1) Scheme of the ultrasonic nozzle. 9.2) Photography of the studied nozzle.
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The PDA measurement has been camried out in forward scattering (8 = 30°), beams were 40 mm distant and were
focused by a lens with a focal length equal to 310 mm. The scattered light was collected by a lens with a focal length
equal to 160 mm, and the mask A, designed for small particles measurements, was used.

Figure 10: Example of mein velocity distnbution, size distribution, and
lateral velocitv distnbilion meastred with a standard commercial PDA

4. MEASUREMENTS

By using the same ultrasonic no#zle_excited at the same frequency and with the same power, Dual Mode PDA
measurements have becn carried out for various liquids. The aspect of the phase plot could change a lot from one
product to the other (see figure 11 for digsel droplets). nevenheless the same procedure {code) has been applied in all
cases. The results are compiled in table 1.

Figure 11 “Example of measuwrement for diesel droplets. The direct phase plot and
the madamumn of pdf with the associated linear regression

For example, with water the calculated refractive index is 1.318 instead of 1.33

Liquid Refractive index | PDA measured refractive index |
walter 1.33 [ 1.318 ,
Alcohol 1.362 1357 .
~ CSL2 1.42 1.39 |
Gas-oil 1.464 1.432 |

We note that PDA measuremenis always under estimate the exact value of the refractive index and that the
measurements are more accurate for low refractive index (a fact predicied n figure 1). PDA measurements are less
accurate that the rainbow techniques but we must also recall that all these measurements have been carned out with
exactly the same experimental configuration: this underlines the large dynamic of the PDA measurements of the
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refractive index, on the contrary, measurement by global rainbow technique will run on a large scattering range (137 to
15330} to be able to extract information in the above range of refractive index. Furthermore, if the panicles experiment a
defect of sphericity: rainbow measurement will be more sensitive than PDA |9, 10].

5. CONCLUSION
The measurement of the properties of the dropleis in a spray is still a challenge. If for the last decade, the mean effort

has been focused on the measurement of the velocity and the size of the droplets, a strong demand is in development for
other characteristics of the droplets as temperature and composition.

Here we present the potential of application of two techniques to characterize the refractive index of small particles
( diameter smaller than 50 um). The next step is to realize a campaign of measurement by Global rainbow refractometry
on the sprays created by our ultrasonic generator.
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INTRODUCTION
Rainbow 15 one of well known beautiful natural phenomena involving with light scattering due
to suspension of fine droplet particles in the atmosphere. So far many efforts have been devoted to
understand its behaviour in the field of mathematical physics”. To describe the scattering around the
rainbow angle regarding to a perfectly spherical particle with a diameter equal to d and a refractive
index equal to N, on which impinges a beam with a wavelength A, one can choose some of following
theory.

The Lorenz-Mie theory | which is based on vectorial concept, can describe rigorously the scattering
of a plane wave (arbitrary beam) impinging to a perfectly spherical particle. Almost every kind of the
scattering could be explained by the Lorenz-Mie theory. However, it does not distinguish the different
paths of the light scattering in the particle.

The Debye theory **® could be considered as a postprocessing of the Lorenz-Mie theory. Debye
theory could also provide a vectorial and rigorous solution of the scattering of a plane wave (arbitrary
beam) scattered by a perfectly spherical particle. Moreover, it also gives the possibility to quantify the
contribution of the different kinds of “rays™. With the Debye theory. the a, coefficients of the Lorenz-

Mie theory could be given by:
o 1 ll RZ iTEI[R”)P-ITm]
ey L " n n (1)
2 x - J

where R*, R!' T!*and T." are, for a partial spherical wave, the reflection coefficient outside the

particle, the reflection coefficient inside the particle, the coefficient of transmission from inside to
outside the particle and the coefficients of transmission from outside to inside the particle respectively.
The above equation leads to the following interpretation’

1 :
. L when one considers the scattered field by using the Lorenz-Mie equation,

and summed over n describes the diffraction of the incident wave around the spherical particle.
1, :
. ER;Z represents the outgoing scattered wave reflected from the surface of the
spherical particie.

[ &, .
" E‘ —-Zf‘;'(ﬁ';')’ ]T,,’" llakes the form of a geometrical series. Individual
L op=

term represents the light transmitted to the sphere and emerging from it after (p-1) internal reflections.
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The Complex Angular Momentum theory (CAM theory), which has been developed by Nussenzveig

9

. is a scalar theory. Nussenzveig claims this theory could provide useful quantitative information

down to a size parameter as small as 100 {(diameter of about 15 pum in visible) and at least qualitative
information down to a size parameter as small as 10 (diameter of about 1.5 pm in the visible)”. CAM
theory could be referred as the analytical integration of Debye theory. In MNussenzveig theory, the

scattered amplitude are given by:
1) for reflection
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where &, is the incident angle on the spherc for the rainbow angle 0, , and & verify 8 =8, + &
A (x) and A (x)are respectively the Airy function and its derivative.
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The Airy theory "' which is also a scalar theory, describes the scattering of rays experimenting p
internal reflection before living the sphere. However, the Airy theory has a very limited range of
application (& > 5000, 8-6, =05°)"" It should be noted that, as mentioned by Nussenzveig.
the Airy theory may be obtained from CAM theory by retaining only lowest term in all expressions (A =
B = C =0). Some others approaches are possible, as the one proposed by Mobbs'”, but they
essentially give the same results, with a similar range of validity than the CAM theory

Meanwhile, the light scattered around the rainbow angle is often recorded because its sensitivity

to the value of the refractive index give a way to obtain information on the temperature/composition of
droplets or liquid jets, Many efforts have be dedicated to the measurement of the temperature of droplets
lines, the measurement of the temperature of individual droplets with arbitrary trajectory, the
measurement temperature of a section of spray, the measurement of the temperature of droplets in
levitation. These measurements are based on the location of Airy’s peak'”, the frequency of the ripple
structure'”’ or the behaviour of the global intensity distribution'®’ Furthermore, as the full structure of
the rambow is essentially created by mterference of differcat kids of rays, the rainbow is very sensitive
to any change of size or shape of the seatterer'”.
To extract information from light scatiered around the rainbow angle it is useful to compute quickly and
accurately the properties of the scattered light. Then, in this paper we compare the prediction from
Lorenz-Mie, Debve, Nussenzveig and Airy theory to predict the rainbow (single and global) behaviour
In this paper we focus essentially to the main rainbow. Then the main rainbow with p equal to 2 for one
individual droplet will be diseussed. Finally, the rainbow created by a cloud of droplets will be also
explained and summarized

COMPARISON AMONG LORENZ-MIE, DEBYE, AIRY AND NUSSENZVEIG THEORIES
Only few results have been reported comparing the CAM theory predictions for the rainbow with others
approaches. Here the results of this work are compared and discussed regarding to that of Khare and
Nussenzveig'”. Figures | and 2 display the normalized intensity versus the scattering angle. The
normalization has been defined in such a way that the maximum of the Debye prediction for p=2 was
cqual to 1. The same normalization factor has been applied to the Lorenz-Mie theory results and to the
Debye prediction for other values of p. With the Airy and Nussenzveig theories, the same normalization
procedure has been applied.
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pim and the refractive index is 1.33, pm and the refractive index is 1,33
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Figure | and 2 are divided into two sections by a vertical red line. The left side of figure | and
2, between 136° and 142°, corresponds to the results of V. Khare and H.M Nussenzveig ''* In figure 1
and 2 five curves are plotted. The first one, in red, corresponds to the Lorenz-Mic predictions. Two
curves in green and bleu are predicted in the framework of the Debye theory for (p=2) and (p=0 and 2)
respectively. It is important to remark that the disagrecment between the Lorenz-Mie theory and Debye
theory for (p=0 and 2), must be attributed to interaction of higher order. And then a pink continuous
curve corresponds to Nussenzveig predictions (equation (3)) and a dashed dark green corresponds to
Airy predictions
From figure | it should be noted that the Nussenzveig and Airy predictions are identical for a scattering
angle lower than 142° and slightly underestimate the Debye’s predictions for p=2. For larger scattering
angle, the Nussenzveig and Airy’s predictions provide different results, which are both higher than the
Debve’s prediction for p=2. Nevertheless. in this angular range, the Nussenzveig's predictions are better
than Airy’s predictions,

In figure 2, for a diameter 10 umes larger, it could be seen that Nussenzveig and Airy’s predictions
are in good agreement with Debye's prediction for p=2 and scattering angle between 136 and 142°
But for larger scattering angle their results become different. Nevertheless, the Nussenzveig's
predictions are in agreement with the Debye's predictions for the location of maxima and minima, while
the disagreement increases with the angle for Airy’s predictions. Conceming the intensity of the
supernumerary peaks, the Nussenzyeig's predictions are essentially identical to the Airy’s predictions.
These observations have been confirmed by a large number of computations. Then it is decided to
correct the intensities (amplitudes) predicted by equation (3) by an empirical factor. To define this
empirical factor, the following procedure has been applied.

* Compute scattening diagram for particle diameter running from 10 to 100 pm, in the framework

of the Debye (p=2) and Nussenzveig theones, for angle running from 130° to 160°,

e From the wavelength, particle diameter and scattering angle, compute the argument z of the

classical Airy function for the first rainbow, as defined by Wang and van de Hulst :

pAFR"” :
z=(=q)—| a’’l0-0 9
¢ Plot the normalized scattered intensity computed by Debye (p=2) and Nussenzveig versus z

e When the normalized intensity (for Nussenzveig) is larger than 0.2, the ratio of the Debye
intensity devided by the Nussenzveig intensity is computed.

Figure 3 displays the intensity ratio with respect to z, with the particle diameter as a parameter. All
these computations have been carried out for water droplet (m = 1.33 - 0.0 i). Each curve is fitted by a
lingar regression

$$ o paitale 100 Bmios
LY\ S

Trtwrmbty Reathe {The by e/ Nusasmvelg)

Figure 3: Intensity ratio of Debye on Nussenzveig versus z.



Normaikped Intensity

Proceedings of the 7" International Congress on Optical Particle Characterization 211
Kyoto, 1-5 August 2004

To compute the rainbow for particle with diameter ranging up to 100 pm and for refractive
index running from 1.3 to 1.5, it is enough to introduce 4 correcting linear laws for the particle with
diameter smaller than 15 pum, between 15 and 35 pum, 35 and 75 pm and 75 to 100 pm with an
accuracy better than about 10%

By using these correcting coefficients it is now possible to accurately compute the location and
intensity of the Airy’s peaks in a large angular domain. Furthermore, for small particle, the effect of the
externally reflected light is strong, and is at the origin of the ripple structure. Then, the externally
reflected light could be introduced from equation (2). By summing the amplitude of the extemnally
reflected light with that of the internally reflected light, computing the intensity the rainbow structure for
individual droplet could be conducted with a high accuracy as shown in figure 4. [t should be noted that
the agreement between Debye’s and Nussenzveig's results, including on the location and intensity of the
ripple, 1s nearly perfect. Then it leads to conclusion that the Nussenzveig theory could be employved
efficiently to extract size and refracuve index information form data recorded around the rainbow angle
and due to an individual spherical particle (sphere or evlinder).
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Figure 4 : Comparison [ar the first rainbow between
Lorenz-Mie predictions and Nussenzveig predictions, forp 0 and 2

GLOBAL RAINBOW

The global rainbow techmque 1s based on the analysis of the light scattered around the rainbow
angle due to an assembly of particles. Figure 5 is a typical example of such light distribution based on
computation of the size distnbution shown in figure 6 for water droplet (N=1.33-0.01). In figure 5, 3
regions could be defined:

|. scattering angle smaller than 136°

2. scattering angle between 136° and 143°,

3. scattering angle larger than 143°.
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Figure 5 : Comparison between global rainbow
computed in Lorenz-Mie, Airy and Nussenzveig
(with correction) framework
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Within the central region, for scattering angle of 136 to 143° the agreement between the
different curves is essentially perfect. It reveals that the Lorenz-Mie’s predictions, Airy’s prediction’s
and Mussenzveig's predictions with or without correcting coefficients are in agreement. For larger
scattering angle, the Airy’s predictions and Nussenzveig’s prediction without correcting coefficients
exhibit consistent scattered intensity but higher than that of the Lorenz-Mie theorv. On the contrary, the
Nussenzveig’s predictions with correcting coefficients agree perfectly with the Lorenz-Mie’s predictions.
In the third region representing the scattering angle smaller than 136°, the disagreement between the
Lorenz-Mie’s predictions and Airy-Nussenzveig’s prediction is large because this region is essentially
dominated by the second rainbow. The Nussenzveig theory can also predict the light scattered by high
order rainbow. Then the same procedure as introduced herc could be applied for the second rainbow to
obtain an accurate and fast description of the light scattered at these angle

CONCLUSION
The possibility of applicanon of the Mussenzveig theory to predict the rainbow behaviour in a large
angular domain has been studied for particles m the range of | to 100 pm, which is of interest for liquid
sprays. We have shown that by adding 4 correcting laws, an accurate quantitative descriphion of the rainbow
could be achieved, in a large range of refractive index (N=1.3 to 1.5). As computations are very fast in the
Mussenzveig framework, this approach will be soon applied to extract information from experiment with
single particle as well as from a section of a cloud.
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TITLE
Thermmometry by rainbow
ABSTRACT

The masieship of an atomised liquid combustion for energetic efficiency as well as for pollution
in plane engine or car engine for example, impose to understand the physic of atomisation and
evaporation of the droplets. To table up this challenge, several technigues have been developed.
Among these techniques, the rainbow refraclometry is particulady attraclive by ils sensitivity and
flexibility. This technique could be applied to individual paricles or cloud of particle, without additive to
add and is sensitive to refractive index gradient (then sensitive to temperature and composition
gradient). Moreover, it does nol require expensive device. But the quality of the measurement is
strongly dependent on the quality of the theoretical description of the properties of the light scattered
around the rainbow angle. This study is devoted to the description and exploitation of rainbow signals
(single and global) in the framework of the Nussenzveig theory.

RESUME

La maitrise de la combustion d'un ligquide pulvérisé en terme de rendement énergétique et de
pollution, telle que dans les moteurs automobiles et en avionique, impose de comprendre la physique
de la pulvérisalion, puis de I'évaporation des gouttes. Pour relever ce défi différentes technigues ont
eté utilisées. Parmi ces techniques, la réfractomeéine d'arc-en-ciel est pariculiérement attractive en
raison de sa sensibilité et sa flexibilité. Cette lechnique peut s'appliquer & des pardicules individuelles
ou des nuages, ne nécessite pas d'ajout de colorant. Elle est sensible au gradient d'indice (donc de
température et de composition), et ne demande pas un matériel trop onéreux. Par contre la qualité de
la mesure est dépendanie de la qualité de la descriplion théorique de la lumiére diffusée aux alentours
de l'angle d'arc-en-ciel. L'élude présentée est dédiée 4 la description et 4 I'exploitation de signaux arc-
en-ciel (simple et global) dans le cadre de |a théorie de Nussenzveig.
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INTRODUCTION

La maitnise de la combustion d'un liquide pulvérisé en terme de rendement énergétique et de
poliution, dans les moteurs automobiles et en avionique par exemple, impose de comprendre la
physique de la pulvérisation, puis de I'évaporation des gouttes. Depuis une ou deux décennies, les
technigues opliques sont devenues un outil incontournable pour la mesure de la vitesse et de la faille
des goutielettes en écoulement. Ces travaux pemmetient de mieux comprendre, el de valider les
modéles d'atomisation et de transport des gouttes. Cependant, la mesure de |'évaporation et de
I'évolution thermochimigue de ces gouttes est encore un défi, avec un fort potentiel d'application
industriel,

_ Pour relever ce défi différentes techniques ont été utilisées : imagerie infrarouge'”, PDA dual
burst”’ et Dual mode™, imagerie des points chauds', réfractométrie d'arc-en-ciel®*, fluorescence
induite par laser”’, résonances morphologiquement dépendante®, ..

Parmi ces techniques, la réfractomeétrie d'arc-en-ciel est particuliérement attractive en raison
de sa sensibilité et sa flexibilité. Cette technique peul s'appliquer a des particules individuelles ou des
nuages, ne nécessite pas d'ajout de colorant, est sensible au gradient d'indice, et ne demande pas un
matériel frop complexe. Par conire la qualité de la mesure est dépendante de la qualité de la
description théorique de la lumiére diffusée aux alentours de l'angle d'arc-en-ciel.

L'objectif principal de notre contrbution est de quantifier la qualité de linversion de signaux
mesurés en arc-en-ciel simple et global. L'inversion d'un arc-en-ciel simple, issu d'une goutte unique,
exige une prédiction rigoureuse de la structure haute fréquence dite de « ripples », de méme que
l'inversion d'un arc-en-ciel global, issu d'une section d'un nuage de gouttes, exige la prise en compte
de lintensite diffusée par difféerents type de rayons. Les qualités des prédictions des theories
approchées d'Airy et Nussenzwveig sont discutées vis a vis des prédictions rigoureuses issues des
théories vectorielles de Lorenz-Mie et Debye.

Cet arlicle est organisé comme suit. La section 2 est un rappel des différents outils théoriques
utilisés pour décrire la lumiére diffusée par une parlicule sphérique, principalement aux alentours de
I'angle d'arc-en-ciel. La section 3 est dédiée a 'arc-en-ciel d'une particule individuelle tandis que la
section 4 est dédiée a l'arc-en-ciel créé par un ensemble de goutte. La section 5 est une conclusion.

CADRE THEORIQUE

Pour décrire la diffusion d'une onde plane ou d'un faisceau laser focalisé par une particule
sphérique, I'outil théorigue le plus puissant est la théorie de Lorenz-Mie™. Cette théorie est basée sur
la résolution analytique des équalions de Maxwell avec les conditions limites appropriées. L'extension
aux cas de particules mullicouches concentriques et de particules avec inclusions sphériques non
centrées a été réalisé. Les résultats sont sous la forme de séries incluant les différents types
dinteractions (réflexion exteme, transmission directe, transmission aprés n réflexions interne,).

~ La théorie de Debye'” peut étre vue comme un post-traitement de la théorie de Lorenz-Mie
qui permet, dans le cas d'une particule homogéne, de séparer les différents lypes d'interaction de la
_!utm'lére; avec la particule (réflexion externe, transmission directe, transmission aprés n réflexions
interne).

La théorie de Moment Angulaire Complexe (CAM), infroduite par Nussenzveig'", consiste &
integrer analytiquement les séries de Debye pour un type d'interaction donné. Pour pouvoir eflectuer
cefte intégration analytique, différentes approximations doivent étre introduites en fonction du type
d'interaction, de l'angle d'observation, de la taille de la particule. Ainsi pour décrire I'arc-en-ciel, cing
formules sont proposées, chacune correspondant a un domaine angulaire.

Lq théorie d'Airy est basée sur I'application de la loi de Huygens-Fresnel au front d'onde créé
par reﬂexlc:-n interne. C'est I'approche la plus populaire pour l'interprétation des expériences mais
aussi celle qui posséde |le domaine d'application le plus restreint.

Une étude comparative''” de ces quatre approches nous & permis de démontrer que :

(1) l'approche de Nussenzveig est en parfait accord avec celles de Lorenz-Mie et Debye vis 4 vis
de la position des pics surnumeéraires et de leur intensité.

(2) La théorie d'Airy décale rapidement les positions des pics surnuméraires et sur-estime
fotement leur intensité.

(3) L'approche de Nussenzveig, lorsque les interférences enire les rayons réfléchis & I'extérieur
de la particule et les rayons ayant subit une réflexion inteme sont pris en compte, décrit la
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structure de ripples avec une précision proche de celle de la théorie de Lorenz-Mie pour un

colit calcul éguivalent & celui d'Airy
Dans la suite de cet article, des signaux « expénmentaux simulés », calculés dans le cadre de la
théorie de Lorenz-Mie, seront analysés a 'aide de la théorie de Nussenzveig. La qualité de l'inversion
sera ainsi quantifiée.

ARC-EN-CIEL INDIVIDUEL

Figure 1 : Schéma d'une expérience d'arc-en-ciel pour une particule individuelle

Figure 1 présente le schéma d'une expéerience d'arc-en-ciel sur une particule individuelle (une
ligne de gouttes identiques). Cetie expérience est celle développée 3 ONERA de Toulouse''”. Dans
cette expérience trois caméras sont utilisées. La premiere située en diffusion avant 4 30° est dédiée a
la mesure de la taile de la paricule. A cet angle, la diffusion est supposée principalement
indépendante de lindice de réfraction et donc insensible a l'existence d'un gradient d'indice. La
seconde caméra est dédiée a I'enregisirement de 'arc-en-ciel principal tandis que la troisiéme cameéra
est dédiée a 'enregistrement du second arc-en-ciel.

Dans les études précédentes, I'analyse consistail & mesurer la fréquence moyenne du signal,
pour en déduire le diamétre de la particule par un calcul d'optique géométrique. La précision de cette
mesure, pour une particule homogéne, est de l'ordre de 2 pm pour des particules d'un diamétre de
l'ordre de 100 pm. Nous proposons ici d'effectuer l'analyse dans le cadre de la théorie de
MNussenzveig. La figure d'interférence esl supposée comespondre aux interférences des rayons
réfléchis externe et transmis au travers de la parlicule. La figure 2a correspond au diagramme de
diffusion entre 27° et 33° d'une goutle d'eau de 100 pm. La figure 2b correspond & la transformée de
Fourier de ce signal. Les courbes en verl comespondent aux prédictions de la théorie de Lorenz-Mie
(signal expérimental, caméra 1, simulé par LMT) tandis que les courbes en rouge, bleu et rose
correspondent aux prédictions de la théorie de Nussenzveig (la mesure). La mesure est réealisee
suivant la procédure suivante : 1) le diameétre de la particule esl ‘ajusté pour avoir un accord des
frequences du spectre FFT, 2) l'indice est ajusié pour obtenir un accord en phase des diagrammes.,
Figure 2a, la courbe rouge comespond au diagramme Nussenzveig correspondant aux données de
calcul de diagramme Lorenz-Mie. Les différences entre les courbes verle et rouge correspondent au
réle dinteraction d'ordre élevé (réflexion interne). Les courbes bleu et rose correspondent & d'autre
couples mesurés diameétre/indice qui- donne ‘un bon accord en diffusion avant(d/m : 100/1.33,
100.9/1.23, 100.9/1.337), en fréquence et en phase. bien que la gualité de cet accord se dégrade
avec l'augmentation de I'angle de diffusion (voir figure 2c qui est un agrandissement de la figure 2a.

Le diamétre et I'indice obtenus en diffusion avant sont utilisés pour calculer la lumiére diffusée
aux alentours de I'arc-en-ciel principal. Puis l'indice de réfraction est ajusté pour obtenir le meilleur
accord entre signal expérimental simulé (LMT, caméra 2) et mesure (signal recalculé a partir des
résultats d'inversion par la théorie de Nussenzveig). Sur la figure 2d sont tracés les différents arcs-en-
ciel corespondant aux trois coupies possibles diamétrefindice extrail en diffusion avant. Seul une
valeur de l'indice est susceptible de donner un accord simullanément en diffusion avant et arriére
1.33, quand au diamétre de.100.9 pm, il produit un diagramme d'arc-en-ciel en opposition de phase :
seul le couple d = 100 pm, m = 1.33 est en accord en diffusion avant et arriére, en fréquence el en
phase.



ASFERA/ 7-8 Décembre 2004 217

0w s §33 LS
Loresr i, 4= 100 pm, m = 1 33 |
Mwsspnrveig. d = 100 8w om = 130

Intersitd normiée
-]
-2
Intenaté FFT
-
L=}
i

M“ '] ' \'}H

i - -
1 - Hussanrveig d = 100 8 pm_ m = 1,337 1S A | Larumy: o 4100y, w1 L1
| Mussenrveig. d= 1000, m = 1,337
|| /\ [
\‘ A ‘
:I'l)t-l-i )
B0

— e - SMessenaeeig. d = 100 pm, m=11]
[T =
{ l } | | ﬂ 1 |1 i .‘. I
T z; b b n » 3 o b mn o L]

Argle de dif fusion Fraguerce

(a) (b)

L — _._,=—=—-—_——-1

Pb—tvd’l:)ﬂﬂp.,n:tll | T m—
Lomarbis, @ = 100 mm = L33 | Mismantvaig d ¢ 100, m = L1
10 4 MNiuasanryeg, e 100 D mo=130 10 | | [ NS o B
Hunnaﬂ.d 1ml|m..ll-'lx.:l | lenmw: oy
| | } "
E LLE | o
& ¥ m1
£ o W z
H o
o5 o ,"u.. | !
o !
Y
ar > 1 j
oo 4
|
aa v - — - 3 ! L .
na f a3 124 ns e 134 138 o8 1Al HE 144 145
.l.nf-t e o |7 Lmign Anglr de Difhusion
(c) (d)

Figure 2 :2a : diagrammes en diffusion avant .
2b > Transformées de Fourier des diagrammes avants
2c¢ - agrandissement des diagrammes avants aux angles élevés
2d : diagrammes arrigres associés.

ARC-EN-CIEL GLOBAL

La réfractométrie globale d'arc-en-ciel a été introduite par I'équipe de VKI'™ afin de résoudre
certaines difficultés de la réfractométrie d'arc-en-ciel classique (principalement la sensibilité a la non
sphericité). Dans, cetle-technique les arcs-en-ciel de plusieurs-gouttes-(plusieurs dizaines a plusieurs
centaines) sont collectés simultanément comme pour l'arc-en-ciel naturel. Le signal réesultant est ia
somme en infensité des contribulions de chaque paricule (hypothése de position aléatoire des
pariicules), Dans ce processus la struclure de ripple disparail, ainsi que les arcs sumuméraires qui
sont remplacés par une structure continue. L'indice de réfraction ainsi que la distribution
granufomeétrique sont extraites de ce signal. La figure 3 présente un tel signal correspondant & un
nuage de goutie d'eau (m=1.33) d'un diameire moyen de 50 ym avec une nMms de 30,
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Figure 3 : Distribution granuloméirique el arc-en-ciel global associe. L'arc-en-ciel associé est
calculé dans le cadre de la théarie d'Airy (courbe en bleu) et de Nussenzveig (courbe rouge).

Les prédictions de la théorie de Nussenzveig sont confondus avec les predictions issues de la

théorie de Lorenz-Mie, et ceux sur un large domaine angulaire.

CONCLUSION

Dans le cadre de la théorie de Nussenzveig, les arcs-en-ciel individuels el globaux peuvent

étre analysés avec la précision de la théorie de Lorenz-Mie pour un codt de calcul équivalent a celui
de la théorie d'Airy
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Abstract

The rainbow refractrometry, under its different configurations (classical and global), is
an attractive technique to extract information from droplets in evaporation such as diameter
and temperature. Nevertheless, for mono component as well as for muiti component droplets,
the presence of a temperature and/or of a concentration gradient induce the presence of a
gradient of refractive index which affects the interpretation of the recorded signals. In this
publication the effect of radial gradient on rainbow signals is exemplified (and quantified) for
two rainbow configurations (classical rainbow for individual particles and global rainbow for
section of clouds of droplets).

1) Introduction

In the combustion of liquid, classical as well as bio combustible, the liquid is often
injected as a spray of tiny droplets which evaporate. The accurate measurement of the
properties of the droplets under evaporation (size, mean temperature, gradient of temperature,
mean composition, gradient of compesition, ..) is still a challenge. Several experimental
techniques have been or are under development to investigate such sprays. Among others, the
techniques based on the collection of the light scattered around the rainbow angle (for
individual droplets as well as for clouds of droplets) are attractive because they do not
necessitate-the addition of any product;in contrast with-methods- based-on fluorescence.
Nevertheless the sensitivity of rainbow techniques to gradient of temperature and composition
must be accurately understood. It is the objective of this paper to quantify and exemplify the
effect of radial refractive index gradients on rainbow measurements.

This paper is organized as follows. Section 2 , since a continuous gradient inside the
particle can be modelled by a multilayer sphere, is devoted to the determination of an
adequate number of layers to be used to compute reference scattering diagrams for non-
homogeneous particles. Section 3 is devoted to the analysis of signals corresponding to
classical rainbow measurements for mono-dispersed individual droplets, ie. scattering
distributions in the forward and backward regions are simultaneously used to extract the size
and refractive index of individual particles. The analysis of the signal is carried out in the
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framework of the Nussenzveig theory for homogeneous particles. Section 4 is devoted to the
analysis of global rainbow signals which are collected only in the backward direction for an
ensemble of droplets. Section 5 is a conclusion.

2) Computation of reference scattering diagrams

To evaluate the effect of a non-homogeneous and non uniform distrnibution of the
refractive index inside a particle, a theoretical model must be used, which must give the
possibility to compute the scattered light for range of sizes of interest (typically from 50 to
200 pm). In this paper, the reference computations will be carried out in the framework of the
Lorenz-Mie theory for multilayered spheres. The computational algorithms have been
previously described by Wu et al [1].

The refractive index inside the particle is defined by the refractive index at the particle
centre, n. , at the particle surface, 2, , and by a transitional law between these two points. In
this paper, the following law is be used:

n(x) = 0, - n ) x —— (1)

e =l
where x is the dimensionless distance from the particle centre. The parameter & governs the
bent of the function. It depends mainly on the nature of the experiments (heating or cooling),

and usually evolves during a progess.
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Figure 1: Examples of radial gradienst. The parameter is the value of the coefficient b

Figure 1 displays the radial profiles of refractive index for different values of the parameter b.
When & is positive the gradient is strong at the surface while when b is negative the gradient
is strong at the center. The slope of the gradient is directly proportional to the modulus of 5.
Specifically, relying on several simulations from an evaporation model [2], bissetto 1.9, in
the case of a droplet cooling (injection temperature 51°C, ambient temperature 20°C) which
are realistic values when the measurements are carried out at a sufficient distance from the
injector.

In un_ier to determine the number of layers required to simulate a continuous gradient,
computations have been carried out for a 100 um diameter particle with ». equal to 1.33, n,
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equal to 1.36 and b equal to 2. The number of layers has been varied from 10 to 1280. Figure
2 displays the scattering diagrams around the rainbow angle predicted from a Lorenz-Mie
multilayer code while figure 3 displays the scattering diagram for the same case, but in the
forward direction. From these two figures, it is concluded that 100 layers are sufficient to
predict accurately enough the scattering diagrams both in forward and backward direction,
including the rainbow ripple structure in frequency and phase. The low frequency evolution of
the intensity is not investigated in this paper because it is more difficult to experimentally
record.
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Figure 2: Scattering diagram around the rainbow angle for a particle with radial
gradient. The parameler is the number of layers.
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Figure 3: Scattering diagram in forward direciion for a particle with radial gradient.
The parameter is the number of layers.

3) Case of individual particles
3.1) The effect of the gradient

Figures 4 and 5 compare the scattering diagram for a homogeneous particle and for a
non homogeneous particle, in forward and backward regions respectively. The computation
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parameters are: a particle diameter equal to 100 microns illuminated by a plane wave with an
incident wavelength of 0.5145 micron, a refractive index of 1.36 for homogeneous particle or
n. equal to 1.36 and n, equal to 1.328 with b equal to 2 for non-homogeneous particle. Both
cases have been computed in the framework of the Lorenz-Mie theory for multilayer spheres.
In figure 4, the frequencies of the signal for the two cases are nearly identical, but the phase
between them and the intensity are modified. Figure 5, in backward, around the rainbow
angle, shows that the signal is shifted. The intensity and location of the ripple fringes are also
modified. An important fact is that, when b is positive, the position of the rainbow
corresponding to the particle with a gradient is not between the position of the rainbows for
the minimum and maximum of refractive index values but larger than the position of the
rainbow for the maximum refractive index. On the opposite, let us mention that, when b is
negative, the position of the rainbow corresponding to the particle with a gradient is between
the position of the rainbow for the minimum and the maximum of refractive index values.
Naturally, the rainbow position is a function of the refractive index at the center, at the surface
and of the gradient shape (coefficient & in this paper).
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Figure 4: Effect of a gradient on forward scattering diagrams. Comparison between the
Jforward scattering diagram for a homogeneous perticle (n—1.36 and d= 100um) and for a

non homogeneous particle (d=100um, n. =1.36, n, =1.328 and b=2). The incident
wavelengih is equal 10 0.5145 pm. The frequencyhe signal is essentially unaffected
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Figure 5: Effect of a gradient on backward scattering diagrams. Comparison between the
backward scattering diagram for two homogeneous particles (d=100 um, n=1.36 or 1.328)
and for a non homogeneous particle (d=100um, n. =1.36, n, ~1.328 and b=2). The incident

wavelength is equal to 0.5145 um. The rainbow is shifted, and for a positive value of b, the

rainbow for the particle with gradient is not located between the rainbows for the two
extreme refractive index values.



Figures 6 and 7 exemplify the sensitivity of the raimbow location with respect to the
refractive index gradient. Figure 6 is devoted to the effect of coefficient b on the rainbow
location while the effect of surface refractive index value, for a constant value of b equal to 2,
is shown in figure 7. In figure 6, all the computations correspond to a particle with a diameter
equal to 100 microns illuminated by a plane wave with an incident wavelength equal to
0.5145 micron. The refractive index at the center is the largest and is equal to 1.36 while, at
the surface, the refractive index is equal to 1.315. The coefficient b runs from -4 to 6. As b
increases from —4 to 4, the first rainbow location is shifted to larger angles (from 138° to148°)
while the second rainbow is shifted to smaller angles (from 132° down to 115°). Let us note
that for b=6 the light distribution is essentially the same as for b=4.

Figure 7 displays computations for a particle with a diameter equal to 100 microns and
the beam incident wavelength is equal to 0.5145 micron. The value of b is a constant equal to
2. The refractive index at the center is fixed to 1.36, while the refractive index at the surface is
equal to 1.36 (homogeneous case), 1.356, 1,315 and 1.296 respectively. When the difference
between refractive indices at the center and at the surface is increased, for b positive, the
primary rainbow location is shifted to larger angles. The second rainbow is shifted to smaller
scattering angles. The stronger the gradient, the larger the shift. In contrast, when b is
negative, the primary rainbow location is shifted to lower angles.

In cases when the refractive index at the surface is larger than the refractive index at
the center, the rainbow location for non-homogeneous particles will be smaller than the
rainbow location corresponding to the refractive index at the center (minimum refractive
index), for positive values of b, while for negative values of b, the rainbow location for non-
homogeneous particles will be between the location of the rainbow for the minimum and for
the maximum of refractive index values.
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Figure 6: The scattering diagrams show the effect of coefficient b on rainbow location. (For
wavelength=0.5145 micron, pariicle diameter= 100 microns, n.= 1.36 and n,=1.315 for 100

layers)
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3.2) Search for an equivalent particle

In the case of homogeneous particles it has been shown that the Nussenzveig theory
can perfectly predict the scattered light in agreement with Lorenz-Mie theory by taking into
account the external reflected light (p=0), the refracted light (p=1) and one time internal
reflected light (p=2) [3]. In the case of non-homogeneous particles, a challenge is to exhibit
an equivalent homogeneous particle with identical scatiered light properties (if this equivalent
particle does exist).

In order to find the refractive index and the particle size of the equivalent
homogeneous particle which possesses @ scattering diagram close to the one for a non-
homogeneous particle, the intensity distribution from the particle with gradient is simulated
by Lorenz-Mie theory for multilayered particles and then compared to the intensity
distribution from a homogeneous particle, simulated by the Nussenzveig theory, in forward
and backward regions.

The processing scheme is as follows;

Firstly: For an arbitrary refractive index, the Fast Fourier Transforms (FFT) of the forward
scattering diagram (between 30-50%) for homogeneous-and non-homogeneous particles are
compared. The diameter of the homogeneous particle is adjusted to obtain the same frequency
contribution ‘as for the non-homogeneous particle under study. This process provides a
relatively large range of admissible particle diameters.

Secondly: For the admissible diameter range, the refractive index is adjusted to obtain the
same location of the main rainbow peak as for the non-homogeneous particle.

Thirdly: The particle diameter and refractive index are adjusted to obtain an agreement in
frequency and phase [4,5]in forward and backward regions, including the ripple structure.

Figure 8 is an example of scattering diagrams computed by Lorenz-Mie theory for a
multilayer sphere (d=100 pm, n=1.36 , n~1.352 , b=2 ) and by Nussenzveig theory at
forward angles (in figure 8a) and around rainbow angle (in figure 8b). The scattered light for
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the non-homogeneous case can be satisfactorily fitted by the scattered light from a
homogeneous particle. The equivalent particle diameter is found to be equal to 100.07
microns and the equivalent refractive index is found to be equal to 1.361.
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Figure 8: Comparison of the seattered light between Lorenz-Mie computations for a
multilayer particle (diameter—400 microns, refractive index at the center—1.36 and at
the surface=1.352, b=2) and Nussenzveig computation for a homogeneous particle
(diameter  100.07, refractive index—1.361) (a) in forward region (b) in backward region

s = I * o s [ —

b/ ll;l-u:-p\u,-l_:llﬁ_u,-l.ﬂ._t-l
[Frere L_ Hamagensoe, 5 = 1 370, d v 100 04y
iy - .;f

1o N

Sowbared ligh| infenaky
-
H
Seanered light ety
i
s

Lk

- - m » Y s » 100 10 13 130 145 ™ 100
fE—
Scattheing anghe

Figure 9: Comparison of the scattered light at primary and secondary rainbows for non-
homogeneous particle and equivalent homogeneous particle.

Figure 9 compares the scattered light around rainbow angle computed by Lorenz-Mie theory
for multilayered spheres for non-homogeneous particles and by Lorenz-Mie theory for
homogeneous spheres with the parameters (size, refractive index) describing the equivalent
particle in the Nussenzveig theory. Two cases of non-homogeneous particles having the same
diameter (100 microns) and refractive index at the center (1.36) have been studied. For one
case, the particle has the refractive index at the surface equal to 1.344 with b equal to 2. For
the other case, the particle has the refractive index at the surface equal to 1.315 with b equal
to 6. The results show that even when the gradient is stronger at the surface or the evolution
faster (higher value of b) we can find a scattered light distribution of an equivalent
homogeneous particle fitting well enough the scattered light distribution for non-
homogeneous particles. Moreover, not only the primary rainbow of a non homogeneous
particle can be fitted by the one of a homogeneous particle but the statement remains true for
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the secondary rainbow. Moreover the second rainbow provides the same information as the
first rainbow

The aforementioned procedure has been applied to different multilayered particles. In
this study, the refractive index at the center is set to a constant value equal to 1.36. Refractive
indices at the surface are taken to be 1.359, 1358, 1,356, 1.352, 1.344, 1328, 1315, 1.305
and 1.296. Also the coefficient b is assigned the values: -4, -2, 1.5, 2,25, 3, 4, 6, i.e. 60 cases
are studied. For each case, couples of equivalent refractive index and diameter for
homogeneous particles are extracted.

Let us first note that the diameter of the equivalent particle is nearly constant (about
equal to 100 um), nearly independently of the gradient amplitude and shape. Therefore only
the equivalent refractive index is studied. The results are compiled in figure 10 where the
equivalent refractive index is plotted versus the real surface refractive index n..

The results in figure 10 can be sorted in two families depending on the value of the
parameter b. When b is positive, the equivalent refractive index is always larger than the
largest real refractive index (1.36) while, when b is negative, the value of the equivalent
refractive index is intermediary between the values at surface and at center. Furthermore, the
relationship between the eguivalent refractive index and the surface refractive index is
essentially linear, with the slope coefficient depending on b,
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Figure 10 : The relationship between the equivalent particle refractive index and the real
surface refractive index with different values of b

4) Case of clouds of particles (global rainbow)

Global rainbow results from the summation of a large number of individual rainbows.
Then the global rainbow. for a spray-constituted of non homogeneous particles with a radial
gradient is claimed to be identical to the global rainbow resulting from the summation of the
equivalent homogeneous particles.

To illustrate the sensitivity of global rainbow measurements when particles are non
homogeneous, the following realistic law between particle diameter and equivalent refractive
index has been selected:

M, =1.36+d*(1.38-1.36)/100 (2)

Let us remember that an equivalent refractive index equal to 1.38 corresponds to a particle
with b positive and a strong gradient at the surface.

Figure 11a displays, as red lines, three different global rainbow scattering diagrams
corresponding to the law of equivalent refractive index given by equation (2) with different
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size distributions shown in figurel 1b, also in red lines. The size distributions are Gaussian
with diameters running from 1 to 100 pm and the sigma is equal to 20. The mean diameters
are respectively equal to 30, 60 and 90 pm.

These global rainbow scattering diagrams are then interpreted in the framework of the
Nussenzveig theory (for homogeneous particles). The best fit of each global rainbow pattern
and associated size distribution are also plotted in figures 11(a) and 11(b) ,as blue line. The
fitting procedure assumes that size distributions are still Gaussian. Then only three quantities
are to be found: mean diameter, refractive index and rms. Results are compiled in Table 1.
When applied to global rainbow signals from a cloud of homogeneous particles, the extracted
data exactly correspond to the initial data. The fit is assumed to be the best when the mainn
global rainbow peak is well reconstructed. The presence of a gradient is observable at angles
smaller than the main peak location as an overestimation of the recorded light intensity while
at angles larger than the main peak location, the supermnmumerary peaks are shifted to smaller
angles.
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Table 1. The extracted parameters corresponding to figure 11 data
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Figure 11(a) : the global rambow from a cloud of non homageneous droplets and its best fit
by a cloud of hemogeneons particles (Nussenzveig theory).
11(b): the size distribution of nen-homogeneous and homogeneous droplets

Measured dyesn | Measured refractive Measured rms
o 7 t index
dinean = 30 pm 35 pum ) 1.369 (236)
dinean = 60 pm 66 pm 1.374 (124)"%
L Amen =90 pm 82 pm- 1.377 @2

The presence of arefractive index gradient (or equivalently of a correlation between
the size and the refractive index (temperature)) will be essentially observable on the size
distribution. The comparison of the size distribution measured by the global rainbow
technique with the one obtained by an other technique as PDA is a possible way to assess the
presence of such gradients.

5) Conclusion.

The sensitivity of the rainbow to radial refractive index gradients has been numerically
studied.

For individual particles, an equivalent particle, defined as the homogeneous particle
which scatters the light in forward and backward directions as does the particle with a radial
gradient, can always be found. Then the gradient could be extracted only by adding extra
knowledge coming from independent measurements (LIF, Infra-Red) or computations.
Nevertheless, in the case of strong gradients at the particle surface, the value of the measured
equivalent refractive index could depart enough from the physically possible values of the
refractive index to unambiguously inform on the presence of a gradient.

For clouds of particles, when only the light in backward directions is collected, it is
not possible to find a cloud of homogeneous particles which perfectly fits the global rainbow
for particles with gradient, but the size distribution for the best fit can depart enough from the

120
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actual size distribution to easily provide a gradient signature when comparing to size
distribution measurements with an independent technique as PDA.
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Abstract

The characlerization of particles under evaporation is siill a challenge. In rainbow refractrometry, as for other
techniques, recorded signals must be efficiently processed 1o extract relevant information as diameter and refractive
index (i.e. the lemperature and/or composition). This paper is devoted to the description of the latesi developed
processing strategy and its application to rainbow signals recorded at ONERA-Toulouse.

Introduction

In combustion of liquid, the ligwd s mosi often
introduced as a cloud of small droplets called spray.
During the last decennials, a large effort has been
devoted to enhance the understanding of the evolution
of such sprays, essentially in conpection with the
improvement of the energy use and the reduction of the
pollution. Nevertheless, these efforis have esseniially
been focused on the measurements of dimensional and
geometrical gquantiies as particle velocities and size
distributions. Nowadays, a challenge is 10 measure, nol
only these geometrnical quantities, but also thermo-
chemical quantities as tlemperatures and compaositions of
droplets in flows. To reach this aim, different techmiques
have been developed or are under development, each
one with its advantages and limitations, cach one with a
particular way to probe the droplets, depending on the
phvsical principles on which the technigue is based.

Without being exhaustive, we can mention the
following techmiques: LIF, MDR, Infra-Red and
rainbow as potentially able 1o extract thermo-chemical
quantities from droplets.

LIF technique, or more specially, the two band
LIF technique, is based on the ratio of the Nuorescence
emission from two spectral bands with a different
sensitivity with respect to temperamre. This technique
has been developed by F. Lemoine et al al Nancy [1].
Numencal simulations show that LIF technique gives an
information essentially depending on the central part of
the droplet.

On the contrary, MDRs, as reviewed by R. K.
Chang [2], are essentially sensitive to the periphery of
the droplets while Infra-red measurements give access
to the surface temperature of the droplets [3].

The rainbow refraclometry has a strong
sensitivity to refractive gradient close to the particle
surface [4].
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Meverntheless, before trying to measure the
properiies of complex particles, it is necessary (o
understand the limits of the different techniques when
applicd to homogeneous particles and, if possible, 1o
extend the domain of applicability of the techniques and
their accuracy.

This paper is devoled to the rainbow
refractromelry  of  individual particles with the
experimental configuration developed at ONERA-
Toulouse. The section 2 recalls and discusses a previous
processing stralegy. Section 3 presents a new processing
strategy and discusses automatic processing algorithms,
In this section, the processing algorithms are evaluated
by “measuring” Lorenz-Mie computed “signals”
Section 4 is devoted to the processing of real
experimenial signals recorded at ONERA-Toulouse.
Section 5 is a conclusion.

Classical processing strategy

Rainbow refractometry is based on the fact that
the location of the main minbow (the rminbow created
by -the “rays experimenting one infernal reflection)
depends on the refractive index which depends on the
temperature and composition of the droplets, Figure |
displays the real pan of the refractive index of water
versus the temperature. A varation of temperature of
about 1°C comresponds to a vanation of the refractive
index of about 0.0002 by °C at 20°C, or 0.0006 by °C at
100°C. These wvariations of the mefractive index
correspond to an angular shift of the rainbow of about
0.01% 10 0.04°.

With two parameters to be measured i.e. the
diameter and the real pant of the refractive index, the
following strategy is used to process signals recorded
from individual particles. The scattering diagram is
recorded at two different locations: one in forward
(from 27.18% 10 32.82° at ONERA-Toulouse) is used 1o
extract the diameter while a second one, recorded
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around the rainbow angle (from 140.18" 1o 145.82° al
ONERA-Toulouse), is devoled to extract the real pan of
the refractive index. The measurement is assumed 1o be
satisfactory when, after a number of iterations,
refractive index and diameter values are stable.
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Figure | : Water real part of the refractive index versus

remperafure.

To obtain the diameler, it is assumed that the
angular frequency of the forward signal is essentially a
furctusof the particle diameler.

To obtain the refractive index. the recorded
signal around the rainbow angle is filiered 1o remove
high frequencies (ripples), then the maximum of the
fillered signal is assumed to correspond to the Airy
maximum. By applying Airy formula, using the
diameter extracted from the forward range and the
location of the maximum of the backward filiered
signal, a refractive index value is obtained. This
refractive index value is used o recompute the diameter
from the forward signal and 50 on. The process ends
after a number of ilerations when diameler and
refractive index wvalues are siable, usually afier 3-5
iterations.

The main limit_of this approach is dug to the
filtering process, because il is more and more difficult to
remove the ripple structure without perturbing the low
frequency Airv stricture when the particle diameter
decreases. This facl isexemplified in figure 2 extracted
from Damaschke PhD thesis [5]. Figure 2 displays the
refractive index extracied from Lorenz-Mie theory
computations versus the panicle diameler. For
diameters between 20 pm to 80 pm the effect is very
important but for a particle of 100 pm the effect is still
imporiani  enough to limit the refractive index
measurement  accuracy to the second  digil,
corresponding (o an accuracy in degree of about 10 °C.
This fact is exemplified by figure 3 which displays
reconstructed rainbow signals by FFT with the munber
of points used for the FFT reconstruction as the
parameter.

To solve this difficulty, Damaschke proposes
to use femtosecond pulses in such a way that externally
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reflected rays and intermally reflecied rays impinge on
the detectors at differemt times, and then do not
interfere, therefore suppressing the ripple structure,

Nevertheless, this approach is limited to large
enough panicles too, and is nol easy lo implement,
beside being cost full.

Below we propose a new approach which
includes the npple structure in the processing scheme.
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Figure 2: Measured refractive index versus particle
diameter, from Damaschke PhD

W

HE] 140 141 142 143 144 145 146 147

Scattering angle

Figure 3: Reconstructed rainbow signal by FFT
processing for a particle with a diameter equal to 100
pri. The parameter-is the number of points for FFT
reconstruction,

New processing strategy

In the proposed strategy., forward as well as
backward signals are processed without any filtering.
We are then searching for an agreement in frequency
and angular absolute location (phase) for both forward
and backward signals.

To be as accurale as Lorenz-Mie theory but as fast as
Airy theory, the Nussenzveig theory is used [6]. First
the strategy is evaluated by using numerical Lorenz-Mie
signals.

Automatic processing

The aim 15 to find an algorithm (o
automatically process forward and backward sections
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of scattering diagrams. To reach this objective. we first
describe 1he automatic processing at forward assuming
that the refractive index is known, secondly at backward
assurmng that the size is known, and finally at both
ranges withoutl amy assumption.

Forward,

Forward, the main information is the signal
frequency. Our processing stralegy is then to find a
diameler for wilth the Nussenzveig signal possesses the
same maximum in the frequency FFT domain than the
signal to study, then to refine the result by using the
phase. To automatically find the diameter, the Brent
method is used [7]. The Brent method has been sclecied
because this method is guaranteed to converge, as far as
the function can be evaluated within an initial interval
known Lo contain a rool

The main difficulty when using the Brent
method is lo have one and only one root in the siudied
domain, For the main FFT peak locaton fitting, il is
casy because the location of the main FFT peak is a
monotonic increasing function of the diameter, For the
phase, the function is penodic with respect 1o ihe
diameter, For the ONERA-Toulouse configuration, the
period for the phase function is equal to about 0.8 pm.

Our algorithm procecds with the following steps:
1) Starting from a large diameter domain (typically 30-
130 pm), for a given refractive index, a first diameler (s
obtained by filling, with the Brem algonthm. the
Lorenz-Mie FFT peak location and the Nussenzveig
FFT peak location (the peak location is determined by
using a spline approximaton).
2) The phase difference between the Lorenz-Mie signal
and the best Nussenzveig signal is compuled.
3) Using this phase difference, a new domain of
diameter for the Brent algonthm on phases is defined
This new subdomain of diameter is smaller than 0.8 jpm,
Figure 4 displays the series of diameters tested
by the Bremt algorithm dunng the processing of a
Lorenz-Mie signal. The Lorenz-Mie signal has been
compuled for a diameter equal to 100 pm-and a
relractive index equal lo-1.364. In Figure 4 the seven
first iterations (red circles) correspond o the main peak
FFT fittng, while the four last ileranons (green squares)
correspond to the phase fitting. The convergence is fast
(11 iterations), and the extracted diameter very accurate
ld-meml.u'ed = 100:007 Fm}-

Backward.

Backward. the main information is the main
peak location. Then our processing strategy is to find a
refractive index for which the Nussenzveig signal must
possess the same location than for the Lorenz-Mie
signal. Here again the Brent method is used, bul the
function to evaluale is depending of the comelation
between the signal under study and the Nussenzveig
prediction. More specifically, as exemplified in figure 5,
the difference between the maximum of correlation
between signal and measurement will code the
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refractive index. When the refractive index value is too
high the difference will be negaove, while when the
refractive index value is 1oo small the difference will be
posilive (see figure 3). Neventheless, this approach has
been found 1o be too much sensitive 1o oscillations.
Therefore we rather compare the values of the integral
between 1 to 1024 and 1024 10 2048, Figure 6 displays
the comvergence of the algorithm when the size is
assumed 1o be known Here again the final resull is
efficiently obtained (only 9 iterations),
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Figure 4: Convergence of the Brent method (forward)
The refraciive index is assumed to be known. The
extracied diameter is equal 1o 100.007 pm.
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Figure 5 Behaviour for a particle with a diameter
equal to 100 um and a refractive index equal to 1.364.
The parameter |is the refractive index of the iest
particle: 1.361 in green, 1.364 in red and 1.367 in blue.

From the analysis of measurements, it is
observed that the quality of the refractive index
measurement  decreases  when the particle size
decreases, especially for diameters smaller than 60 pum
A close examination of backward scatiering diagrams
shows that Nussenzveig predictions with p=0 and 2 do
not fit well Lorenz-Mie predictions due 10 the
perturbating influence of the second rainbow. For large
refractive indices, the influence of the second rainbow is
less significant and pood refractive index measurements
are possible for particles as small as 30 pm.
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Measurements of smaller particles are may be possible
but with an other experimental configuration

The results previously displayed show that,
when the refractive index is known the size can be
extracied with a high accuracy and that, when the size 1s
known, the refractive index can be extracted with a high
accuracy 1oo. The next slep is to simultaneously extrac
both size and refractive index.
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Figure 6: Convergence of the Brent method (hackward),
The extracted refractive index value versus iferations,
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Figure 7: Comparison at between the Lorenz-Mie
scattering diagram and the Nussenzveig scaffering
diagram for the extracted refractive index (hackward),

Forward and backward.

To extract the couple diameler/refractive index
from a couple of measurements, the following algorithm
i5 used:

I. From the angular location of the backward
signal, & first refractive index is computed in
agreemnent with the geometrical optics law (the
size is nol taken into account).

2. With this value of the refractive index. the size
15 extracted from the angular frequency.

3. The size is refined by searching for a phase
agreement.

4. With this size, the refractive
researched by correlation

5. The steps 2 to 4 are repeated up to convergence
when a siable determination of both diameter
and the size is obtained.

index 15
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The convergence ileralive process is exemplified in
Figure 8 where the different values of size and
refractive index tested by the Brem procedure are
plotted. We use circles for the diameter, in red by
Frequency ftting and in green by phase fitting, while the
refracuve index is marked with blue squares. For this
case (diameter equal to 100 pm and refractive index
equal to 1.364), the convergence has been obtained for
44 ilerations,
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Figure 8 © Convergence of the Brent method {forward
and backward). The extracted diameter by frequency in
red. the exiracted diameter by phase in green and the
extracted refractive index by correlation in blue.

The quality of the inversion is exemplified in
Table | where extracted diameters and refractive indices
dre given for different particle sizes.

Diameter Extracted Extracted
diameter refractive index
100 pm 99 9% um 1.3642
S8 pn 96.57 pm 1.3643
96 um 95.97 um 1.3644
94 pm 93.99 pm 1.3641
92 um 90.60 pm 1.364
90 pm 90.00 pm 1.3642
80 pum 79.35 pm 1.3630
70-pum 69.36 pm 1.3633
60 pm 60.03 pm 1.3634
50 pm 5082 pm | 1.3620
40 um 40,77 pm 1.3625
30 pm 30,09 jum 1.3623

Table I: Dual processing of forward and rainbow
signals. The extracted diameters and refractive indices.

From the results displayed in Table 1, we
conclude that the proposed procedure is efficient to
extact  with a high accuracy the couple
diameter/refractive index from computed signals. The
next slep is to evaluate its efficiency when apply to real
signals.
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Real signals.

In red, Figure 9 displays a real dual signal recorded at
ONERA-Toulouse on a line of droplets created by a
monedisperse generalor. Figure 9a comresponds 1o the
recorded forward signal and figure 9b comesponds 1o
the recorded backward signal, Experimental signals are
noisy, especially the backward one. Thercfore, this
signal is first filtered out from high frequencies.
Because noise frequencies are very larger than the Airy
and rpple Frequencies, the choice of the cutting
frequency before reconstruction is not cntical. In figure
9b, (and 10b) the green line comesponds o the
reconstructed experimental signal after filtering,
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Figure 9: In red, recorded values in. forward arnd
backward domains (from ONERA-TOULOUSE). In
green, the backward signal filteredout from high

Jrequencies (roise).
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The processing algorthm is close 1o the one
previously descrbed for computed signals but a new
step has been added 1o ensure the unicity of the refum:

I.  From the angular location of the backward
signal, a first refractive index is compuled in
agreement with the geometrical optics law (the
size is not taken inlo account).

2. With this value of the refractive index. the size
15 extracted from the angular frequency,

3. The size is refined by searching for a phase
agreement,

4. With this size, the refractive
researched by correlation.

index is
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5. A new diameler estimation is obtained by
scarching phase agreemenis between the
derivatives of backward signals (measured and
computed).

6. The steps 2 to 5 are repeated up (o convergence
when a stable determination of both diameter
and size is obtained.

Figures 10a and 10b display the experimental signal
and its best fit computed in the Nussenzveig framework
by applving this procedure. The agreement s
satisfactory. Figure 11 displays the successive values of
the diameter and refractive index lested by the Brent
method, The convergence is oblained with about 60
flerations, The compuiation of one scattering diagram
sgetion by Lorenz-Mie theory for a diameter equal 1o
100 pm, with our code, takes aboul 6 5. Then, by using
Lorene-Mie theory, the inversion of an experimental
couple of data will take aboul 6x60= 360 seconds (6
minutes). By using the Nussenzveig approach. the full
inversion is camied out in about 1.5 seconds.
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Figure 10: The forward signal in red, the filtered

experimental backward signal (in green) and its best fit
by Nussenzveig theory (in yelfow),
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Figure 12 plots the measured refractive index
versus the measured diameter, for an injection at 22°C
in an air at 23°C and a distance (o the nozzle from 30
mm to 50 mm by steps of 3 mm. For each measurement
location, all the Onerm signals have been fully
processed. It is underlined that all points can be very
well fitted by a linear regmssion. Furthermore, the
measured refractive index at 30 mm corresponds 0 a
temperature equal 1o 23°C while the refractuve index ai
50 mm corresponds (o a lemperature equal to 18°C,
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Figure 12 : Measured refractive index versus
measured diameter. The parameter is the distance from
the nozzle,

Conclusion

In this paper we have demonstrated that the
processing of experimental rainbow signals can be
carried out taking into account the ripple structure, and
that this processing can be carried out in real time by
working with the Nussenzveig theory.

Extremely accurate measurements of dropler
diameters and refractive indices have been carried out.
The next step is to apply this approach to other
expenimental conditions (spray under combustion).
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