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Resumen

Desde su introducción, los motores de combustión interna alternativos han
sido desarrollados con el fin de reducir el consumo y mejorar el rendimiento y
facilidad de conducción. Con el tiempo, la contaminación se ha convertido en
un factor crítico para los gobiernos y como consecuencia se han introducido
regulaciones para reducir las emisiones contaminantes de los motores.

Con el constante progreso tecnológico requerido por las normas contra la
contaminación, la inyección directa se ha vuelto indispensable en cuanto a los
motores Diesel. La introducción de combustible en la cámara de combustión
permite un alto nivel de control sobre la liberación de energía del proceso
de combustión. Con las novedosas estrategias de combustión empleadas, el
proceso de inyección se ha convertido en el tema principal y el chorro es el
factor principal.

El trabajo realizado a lo largo de este estudio para analizar el proceso de
mezcla aire-combustible se basa en el desarrollo de técnicas láser de diagnós-
tico. Inicialmente, la inyección de Diesel se ha estudiado en una atmósfera
isoterma para evitar la evaporación del combustible (n-dodecano) a través del
uso de una iluminación estructurada para medir la distribución de la mezcla
mediante el control de la dispersión de Mie. La aplicación de la dispersión
de Rayleigh en la parte evaporada del chorro inyectado en una cámara a alta
temperatura ha permitido la obtención de la distribución de combustible en
una situación equivalente a la existente en un motor real.

El análisis y comparación de los distintos parámetros del chorro inyectado
en condiciones de baja o alta temperatura da la posibilidad de entender mejor
lo que es el proceso de mezcla en los motores Diesel. Por otra parte, según
el estado del fluido inyectado, líquido o gaseoso, las condiciones experimen-
tales tendrán diferentes efectos y la mezcla aire-combustible también tendrá
un comportamiento distinto.



Resum

Des de la seua introducció, els motors de combustió interna alternatius
han sigut desenrotllats amb el primer objectiu de reduir el consum i millorar
el rendiment i facilitat de conducció. Amb el temps, la contaminació s’ha
convertit en un factor crític per als governs i com a conseqüència s’han introduït
regulacions per a reduir les emissions contaminants dels motors.

Amb el constant progrés tecnològic requerit per les normes contra la con-
taminació, la injecció directa s’ha tornat indispensable quant als motors Dièsel.
La introducció de combustible en la cambra de combustió permet un alt nivell
de control sobre l’alliberament d’energia del procés de combustió. Amb les
noves estratègies de combustió empleades, el procés d’injecció s’ha convertit
en el tema principal i el doll és el factor principal.

El treball realitzat al llarg d’este estudi per a analitzar el procés de mescla
aire-combustible es basa en el desenrotllament de tècniques làser de diagnòs-
tic. Inicialment, la injecció de Dièsel s’ha estudiat en una atmosfera isoterma
per a evitar l’evaporació del combustible (n-dodecà) a través de l’ús d’una
il·luminació estructurada per a mesurar la distribució de la mescla per mitjà
del control de la dispersió de Mie. L’aplicació de la dispersió de Rayleigh en
la part evaporada del doll injectat en una cambra a alta temperatura ha per-
més l’obtenció de la distribució de combustible en una situació equivalent a
l’existent en un motor real.

L’anàlisi i comparació dels distints paràmetres del doll injectat en condi-
cions de baixa o alta temperatura dóna la possibilitat d’entendre millor el que
és el procés de mescla en els motors Dièsel. D’altra banda, segons l’estat del
fluid injectat, líquid o gasós, les condicions experimentals tindran diferents
efectes i la mescla aire-combustible també tindrà un comportament distint.



Abstract

Thermal engines have become a monopoly and uncompromising regarding
transportation systems. Since their introduction, the internal combustion en-
gines have been developed with the first objective to reduce consumption and
improve performance and drivability. Over the time, pollution has become a
critical factor for governments resulting in the introduction of regulations to
reduce pollutant emissions of combustion engines.

With constant technological progresses required by the anti-pollution stan-
dards, direct injection has become indispensable as regards Diesel engines. The
introduction of fuel directly into the combustion chamber allows a high level of
control on the energy released by the exothermic process that is combustion.
With the emergence of new combustion strategies, the process of injection took
the lead and the spray has become the main factor.

The work done throughout this study to analyze the process of fuel-air mix-
ing was based upon the development of powerful laser diagnostic techniques.
As a first step, the Diesel spray has been studied in an isothermal atmosphere
in order to avoid the evaporation of the fuel (n-dodecane) through the use of
structured illumination to get the mass distribution of mixing by controlling
the multiple Mie scattering. The application of Rayleigh scattering in the va-
porized region of a jet injected into a high temperature chamber has allowed
the extraction of the mixing field of the jet under evaporative conditions.

The analysis and comparison of the jet introduced in vaporizing conditions
or not permits to understand better the process of mixing during a Diesel
injection event. In addition, depending on the state of the fluid, liquid or
gaseous, the experimental conditions have different effects and therefore the
air-fuel mixing behaves in distinct ways.



Résumé

Les moteurs thermiques ont aujourd’hui un monopole sans concession en ce
qui concerne les moyens de transports. Depuis leur apparition, les moteurs à
combustion interne ont été développé avec comme objectif premier the réduire
la consommation et d’en améliorer les performances et l’agrément de conduit.
Avec le temps, la pollution est devenue un facteur primordial pour les gou-
vernements résultant en l’introduction de réglementation visant à réduire les
émissions contaminants des moteurs thermiques.

Avec l’avancement technologique constant requis par ces normes anti-
pollution, l’injection directe est devenue incontournable en ce qui concerne
les moteurs Diesel. L’introduction de carburant directement dans la cham-
bre de combustion permet un contrôle accrût de la libération énergétique du
processus exothermique qu’est la combustion. Avec les nouvelles stratégies de
combustion, l’injection a pris le premier rôle et le jet en est le principal acteur.

Le travail réalisé tout au long de cette étude visant à analyser le processus
de mélange air-carburant s’est basé sur le développement de techniques de
diagnostique laser performantes. Dans un premier temps, le jet Diesel a été
étudié dans une atmosphère isotherme dans le but d’éviter l’évaporation du
carburant (n-dodécane) grâce à l’utilisation d’une illumination structurée pour
obtenir la distribution massique de mélange en contrôlant la diffusion multiple
de Mie. L’application de la diffusion de Rayleigh dans la région vaporisée d’un
jet injecté dans une chambre à haute température a permis l’extraction de la
distribution de mélange du même jet en milieu évaporatoire.

L’analyse et la comparaison du jet introduit en milieu évaporatif ou non
permet de comprendre plus complètement le processus de mélange lors de
l’injection Diesel. Par ailleurs, selon l’état liquide ou gazeux du jet, les con-
ditions expérimentales vont avoir différents effets et le mélange air-carburant
résultant présente de ce fait un comportement dissemblable.
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Latin Symbols and Abbreviations

𝐴 Molar refractivity of the molecule [m3/mol].

𝐴𝑐 Section of the injection chamber of the rate meter.

𝐴𝑖 Cross-sectional area at the inlet of the orifice.

𝑎𝑚(𝑥, 𝑦) 2-D normalized amplitude of the modulated illumination signal.

𝐴𝑜 Cross-sectional area at the outlet of the orifice.

𝑎𝑠 Arbitrary constant for tip penetration (Naber and Sieber [158]).

𝐴𝑒𝑓𝑓 Effective area of the orifice (eq. 3.10).

𝐴𝑔𝑒𝑜 Geometrical area of the orifice.

𝐴𝑅 Area reduction of the orifice (eq. 3.1).

𝐴𝑆𝑂𝐸 Time from start of electronic command of injector.

𝐴𝑆𝑂𝐼 Time from start of injection.

𝑘𝑚𝑜𝑑 Amplitude of signal modulation.

𝑐 Concentration of fluorescent dye [mol/L].

𝐶𝑎 Area contraction coefficient (eq. 3.13).

𝐶𝑑 Discharge coefficient (eq. 3.14).

𝐶𝑚 Momentum coefficient (eq. 3.15).

𝐶𝑣 Velocity coefficient (eq. 3.12).

𝐶𝑝,𝑎𝑚𝑏 Heat capacity of the ambient gases [J/K].

𝐶𝑝,𝑓𝑢𝑒𝑙 Heat capacity of the fuel [J/K].

𝐶𝑅1 Spray radial distribution coefficient (Correas [55]).
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𝐶𝑅2 Spray radial distribution coefficient (Abramovich [1]).

𝐷 Orifice diameter.

𝑑 Droplet diameter.

𝐷𝑖 Orifice inlet diameter.

𝐷𝑚 Orifice diameter at half distance between entrance and exit.

𝐷𝑜 Orifice outlet diameter.

𝑑10 Geometrical mean Diameter.

𝑑20 Surface area mean Diameter.

𝑑30 Volume mean Diameter.

𝑑32 Sauter Mean Diameter (SMD).

𝐷𝑒𝑓𝑓 Effective diameter of the orifice (eq. 3.11).

𝑑𝑝𝑎𝑟𝑡 Nominal diameter of the fluorescent particles.

𝐷𝐼 Direct Injection.

𝑒 Absolute roughness of the orifice [ µm].

𝐸𝑇 Electronic time for solenoid excitation.

𝐹 Dimensionless function of the scattered light direction.

𝐹𝐾 King correction factor.

𝐹𝑊𝐻𝑀 Full Width Half Maximum.

𝐻𝑣𝑎𝑝,𝑇𝑣𝑎𝑝 Enthalpy of vaporization [J].

𝐼0 Incident radiation intensity.

𝐼𝐶 Intensity of the conventional planar laser image.

𝐼𝑓 Intensity of the fluorescent emission.

𝐼𝑅 Recorded intensity.

𝐼𝑟 Intensity radiated by the laser-sheet.

𝐼𝑆 Intensity of the spatially modulated image (SLIPI).

𝐼𝑠 Intensity of the scattered light.

𝐼𝑡 Transmitted intensity.

𝐼𝑎𝑚𝑏 Intensity of the signal emitted by the ambient gases.

𝐼𝑚𝑖𝑥 Intensity of the signal emitted by the mixture.

𝐼𝑅𝑎𝑦 Intensity of the Rayleigh scattered signal.
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k–factor Conicity factor of the orifice (eq. 2.1).

𝐾 Number of cavitition (eq. 2.18).

𝐾𝐵 Boltzmann constant.

𝑘𝑓 Constant for fluorescent signal - droplet diameter dependency.

𝑘𝑠 Constant for tip penetration adjustment.

𝐾𝑐𝑟𝑖𝑡 Critical cavitation number.

𝑘𝑓𝑟𝑖𝑐 Friction coefficient.

𝑘𝐿𝐼𝐹 Constant for fluorescent intensity dependency.

𝑘𝐿𝐿 Constant for liquid length correlation.

𝑘𝑀𝑖𝑒 Constant for intensity dependency of the scattered light.

𝑘𝑃𝐷𝐹1 Shape parameter for the probability density function.

𝑘𝑃𝐷𝐹2 Scale parameter for the probability density function.

𝑘𝑠𝑎 Constant for spreading angle correlation.

𝑘𝑆𝑀𝐷 Constant for SMD correlation.

𝐿 Orifice length.

𝑙 Distance from the scatterer (particle).

𝐿𝑜𝑝𝑡 Optical path length.

𝐿𝐿 liquid length of the vaporizing spray.

�̇� Mass flow rate.

�̇�(𝑥) Momentum flux at distance 𝑥 from the tip.

�̇�𝑜 Momentum flux at the outlet.

�̇�𝑡ℎ𝑒𝑜 Theoretical momentum flux (see eq. 3.15).

�̇�𝑡ℎ𝑒𝑜 Theoretical mass flow (eq. 2.12).

𝑚𝑓 Mass of fuel.

𝑚𝑔 Mass of ambient gases.

𝑁 Number density [part/mm3].

𝑛 Refractive index.

𝑁0 Loschmidt constant.

𝑁𝐴 Avogadro number.

𝑛𝐷 Refractive index at Sodium D line.
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𝑁𝑇 Total number density.

𝑁𝑎𝑚𝑏, 𝑁𝑎 Number density of the ambient gas molecules.

𝑁𝑓𝑢𝑒𝑙, 𝑁𝑓 Number density of the fuel molecules.

𝑁𝑚𝑖𝑥 Number density of the molecules of the mixture.

𝑁𝑂𝑥 Generic term for the mono-nitrogen oxides 𝑁𝑂 and 𝑁𝑂2.

𝑂ℎ Ohnesorge number.

∆𝑝 Pressure difference between the two sides of the orifice.

𝑃 Scattering phase function.

𝑃 (𝑑) Probability density function.

𝑝𝑏 Discharge pressure.

𝑝𝑖 Pressure at the inlet of the orifice.

𝑝𝑜 Pressure at the outlet of the orifice.

𝑝𝑖𝑛𝑗 Injection pressure.

𝑝𝑣𝑎𝑝 Pressure for vaporization of the fluid.

𝑃𝐷𝑃𝐴 Phase Doppler Particle Analyzer (TSI instrument).

𝑃𝐷𝑆 Planar Droplet Sizing (Also LSD).

𝑃𝐿𝐼𝐹 Planar Laser-Induced Fluorescence (Planar LIF).

𝑄𝑒 Extinction efficiency factor.

𝑄𝑠 Scattering efficiency factor.

𝑅 Total radius of the spray or jet at corresponding axial distance.

𝑟 Radial position within the spray or jet.

𝑟𝑒 Entrance connecting radius of the orifice.

𝑅𝑟 Relative rate of radiative process.

𝑅𝑑𝑖𝑝𝑜𝑙𝑒 Radius of the sphere including the dipole.

𝑅𝑛𝑟 Relative rate of non-radiative process.

𝑅𝑂𝐼 Rate of injection [g/s].

𝑆 Amplitude scattering function.

𝑠 Spray tip penetration.

𝑆𝑐 Schmidt number.

𝑆𝐿𝐼𝑃𝐼 Structured Laser Illumination Planar Imaging technique.
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𝑆𝑀𝐷 Sauter Mean Diameter (𝑑32).

𝑆𝑁𝑅 Signal-to-noise ratio.

𝑆𝑃𝐿𝐼 − 2𝑃 Structured Planar Laser Imaging technique (2-Phase).

𝑡 Time from start of injection (ASOI).

𝑡𝑏 Time until full atomization of the spray.

𝑇𝑔 Temperature of the gases in the chamber.

𝑡Γ Time from fluorescence excitation for lifetime measurements.

𝑇𝑓𝑢𝑒𝑙 Fuel temperature.

𝑡𝑖𝑛𝑗 Real hydraulic injection time.

𝑇𝑚𝑖𝑥 Temperature of the mixture.

𝑇𝑣𝑎𝑝 Boiling temperature.

𝑢𝐵 Theoretical velocity of Bernoulli (eq. 2.11).

𝑢𝑓 Mean velocity of the flow.

𝑢𝑖 Mean velocity at the inlet of the orifice.

𝑢𝑜 Mean velocity at the outlet of the orifice.

𝑢𝑥 Axial component of the flow velocity.

𝑢𝑒𝑓𝑓 Effective velocity at the orifice outlet (eq. 3.10).

𝑢𝑗𝑒𝑡 Velocity of the jet.

𝑉 Volume.

𝑣𝑐 Speed of sound in the fluid.

𝑉𝑀 Molar volume.

𝑊𝑅 Total power recorded by the imaging system.

𝑊𝑇 Total power scattered by the dipole.

𝑊𝑒 Weber number.

𝑋 Molar fraction.

𝑋𝑎𝑚𝑏 Molar fraction of the ambient gases.

𝑋𝑓𝑢𝑒𝑙 Molar fraction of fuel.

𝑌𝑓 Fuel mass fraction.

𝑍 Mass fraction of the mixture.
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Greek Symbols

𝛼 Polarizability of the molecule [𝑐𝑚3].

�̄� Trace of the polarizability tensor of the molecule [𝑐𝑚3].

𝛽 Azimuth angle of the scattered light.

�̄�𝑓 Mean volume fraction of fuel.

𝜒𝑓 Fuel volume fraction.

𝜂𝑇 Dimensional total efficiency factor [𝑐𝑚].

𝜂𝑜𝑝𝑡 Global efficiency of the acquisition system.

𝜀 Molar absorptivity of the fluorescent dye [m2/mol].

𝜀0 Vacuum permittivity [F/m].

𝛾𝑓 Surface tension of the fluid [mN/m].

𝜅𝐷 Mass diffusivity coefficient.

Λ Period of the disturbances in liquid sprays.

𝜇𝑎 Absorption coefficient [𝑚−1].

𝜇𝑒 Extinction coefficient [𝑚−1].

𝜇𝑓 Dynamic viscosity of the fluid [𝑃𝑎.𝑠].

𝜇𝑔 Dynamic viscosity of the ambient gases [𝑃𝑎.𝑠].

𝜇𝑚 Mass absorption coefficient [𝑚−1].

𝜇𝑠 Scattering coefficient [𝑚−1].

𝜈 Spatial frequency.

𝜈𝑓 Kinematic viscosity [m2/s].

Ω Collection angle of the acquisition system.

Φ Fluorescence quantum yield.

𝜑0 Arbitrary initial phase of the modulated signal.

Ψ Anisotropy of the molecule polarizability [𝑐𝑚3].

𝜙 Scattering angle.

𝜛 Number of particle in considered volume.

𝜌𝑓 Density of the fuel [kg/m3].

𝜌𝑔 Density of the gases in the discharge volume [kg/m3].

𝜌𝑒𝑞 Equivalent density of the fluid at the outlet [kg/m3].
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𝜌𝑙𝑜𝑐(𝑥, 𝑟) Two-dimensional local density in the spray.

𝜚𝑝 Depolarization ratio of the molecule for polarized illumination.

𝜎𝑎 Absorption cross-section [𝑚2].

𝜎𝑒 Extinction cross-section [𝑚2].

𝜎𝑅 Rayleigh cross-section [𝑐𝑚2].

𝜎𝑠 Scattering cross-section [𝑚2].

𝜎𝑎𝑚𝑏 Rayleigh cross-section of the ambient gases [𝑐𝑚2].

𝜎𝑓𝑢𝑒𝑙 Rayleigh cross-section of the fuel [𝑐𝑚2].

𝜎𝑚𝑖𝑥 Rayleigh cross-section of the mixture [𝑐𝑚2].

𝜏 Optical depth.

𝜃 Spreading angle of the spray [∘].

𝜉 Relative radial position in the spray (𝜉 = 𝑟/𝑅).
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1.1 Subject and motivations of the work

At the end of the XIXth century, the motored vehicles designed for transport-
ing passengers saw the light of the day. The evolution of ground, marine or
air transportation required a source of energy other than human or animal to
be animated. The thermal engine represents since the beginning the preferred
mechanical power source to move these vehicles, no matter the size and no
matter the type, the thermal engine has supplanted all the other methods for
its easiness of application and its durability. That is why the thermal engines
have been developed and investigated by all the transportation manufacturers
for more than a century now and the latter improvements mainly concern fuel
energy conversion efficiency and reduction of the pollutant emissions.

The environmental contamination has become more and more a matter
of concern for people and governments, it now represents one of the most
important topic and as such, many efforts have been done to increase the air
quality. Still, there is a lot to do to reduce these emissions because they affect
the ecosystem everyday and particularly the atmospheric pollution that results
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in a destruction of the ozone layer and a global warming of Earth that would
drive to major climatic changes according to the scientific opinion. As thermal
engines use combustion to transform the chemical power contained in the fuel,
either gaseous or liquid, to mechanical power through a combustion process,
they are also responsible for the emission of many pollutants.

Even if some injection systems use gaseous fuel as a source of energy, the
most part of the fuels used to generate power through combustion are liquid
and injected as sprays. The new combustion strategies developed in the last
years are based on new injection processes and improvements made to inject
liquid fuel. The injection strategy has become one of the main parameters
concerning engine efficiency and pollutant emissions such as NOx, hydrocar-
bons and soot for example. More recently, the authorities have shown their
interest in controlling also the CO2 emissions, responsible of the greenhouse
effect. This explains why the studies concerning sprays are so extended today
in all the research centers, which work on the field, when it was inexistent 40
years ago. Nowadays, international conferences are fully devoted to the under-
standing of sprays and their atomization processes. The law of combustion is
now mainly controlled by the law of injection and this demonstrates why most
of the research concerning sprays are devoted to those driving the combustion
process.

The general knowledge concerning sprays is that a lot of phenomena influ-
ence their developments leading to a misunderstanding of the global process
and an inability to predict it. Spatial and temporal variations, mainly during
the transients, of droplets size and concentration are the symbol of the un-
steadiness of sprays. This unsteadiness is really important at the beginning
and at the end of the injection, during these phases, the interactions between
the two phases of the flow are responsible for a high level of instability and
makes the turbulent process of injection a non-predictable event.

This unsteadiness basically means a lack of control over the injection pro-
cess and consequently a reduction in combustion performance by causing unex-
pected fluctuations of local air/fuel ratio. As the characteristics of the droplets
generated result from the level of turbulence, physical fluctuation or vibration
induced by the contact between the fluids, a slight change in the conditions
could lead to a major change in the atomization process.

A lot of experimental techniques are available and used throughout the dif-
ferent institutes to study sprays. Most of them are already applied to evaluate
the sprays injected in the combustion chamber of a thermal engine. It has to be
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said that almost all the researches carried out concerning injection in thermal
engines are dedicated to direct injected sprays. However, the measurements of
liquid spray from fuel injectors presents many challenges for any experimental
technique. The main problem for any sampling method is that the spray is
a dynamic system and any mechanical sampling process may either modify
the droplet size or concentration or may not collect a representative fraction
leading to hazardous results.

Because of their non-intrusive nature, optical techniques have been widely
used and developed to serve spray diagnostics. During the past three decades,
the development and improvements of new laser-based techniques has been
particularly extensive. The fruit of all these investigations is a wide variety of
instruments capable of performing measurements in sprays. Obviously, none
of these instruments is perfect and can provide all the necessary information
but only local and/or specific experimental data such as droplet size, velocity,
trajectory; but these techniques, generally labeled as microscopic analysis, are
mainly punctual and give information at one location at a time [1]. Other
techniques analyze the spray macroscopically to get a two-dimensional global
information map, which basically consists in visualizing the spray with a digital
camera and a flash lamp. One simple example of the enhancement of the
technology, the conventional camera has been replaced by a high-speed digital
video camera capable of acquiring hundreds of pictures during the short process
of injection.

Planar Laser Imaging solution is an alternative as it can provide macro-
scopic and microscopic information of the studied spray at the same time. A
technique developed almost 20 years ago and improved by many researchers,
called Planar Droplet Sizing (PDS), showed its capability to simultaneously
determine the liquid volume and droplet surface-area distribution in an illu-
minated cross-section of a spray [2, 3]. This experimental technique was very
promising due to its double approach which, according to the authors, gives a
map of Sauter Mean Diameters and a global visualization of the spray. How-
ever, the multiple scattering effects introduced by the dispersion of light in a
medium containing many scatterers like liquid fuel droplets dramatically de-
crease the ability of the technique and the quality of the results. To obtain
coherent measurements, some strong corrections had to be implemented during
the post-processing of the experimental data.

In the same way, when the same spray is injected at high temperature (and
pressure), this is to subserve the upcoming event, i.e. the combustion process.
Several experimental solutions are available to analyze the fuel mass fraction
in the vaporized region of the spray, but only a few of them have demonstrated
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to provide trustful results. Most of the techniques developed at the end of the
past century were based on the illumination of the cross-section of the spray
by a pulsed laser. Depending on the method, particular care must be taken to
reduce the scattering effects in the Mie regime, i.e. the scattering induced by
liquid fuel droplets still present in the sample of interest.

The purpose of this work is to provide quantitative and reliable data con-
cerning the liquid and vaporized fuel mass fraction in the spray. Two different
laser-based techniques will be applied to obtain 2-D fuel concentration maps
of a DI Diesel spray in the aim of better understanding the process of injection
and fuel-air mixing. A total comprehension of theses processes is necessary to
fulfill with the future regulations regarding the quality of the gases rejected by
the vehicles. This simply goes on the same direction of the last years world
interest: Take care of our planet.

1.2 Previous studies and objectives of this investiga-

tion

The use of Planar Laser techniques to study sprays is a topic that has been
investigated since the beginning of the 80’s [4]. The principle of the Planar
Laser imaging is to study a section of the spray thanks to a thin laser-sheet
that crosses it generally along its axis. To overcome the background noise
due to the strong scattered light signal, the fluorescence can be visualized
to provide concentration maps [5]. This methodology generally called Laser-
Induced Fluorescence (LIF) has been widely used in the last two decades. The
Planar Laser-Induced Fluorescence (PLIF) is the two-dimensional version of
the LIF technique and is one of the most applied laser techniques nowadays.
An alternative developed further is to make the ratio between fluorescence
and Mie scattering signals, which theoretically should give a map of droplet
size [2]. This method was first called Laser Sheet Dropsizing (LSD) but it is
most common to find it as Planar Droplet Sizing (PDS) now, this last name
will be used all along this thesis.

The fluorescence is induced by the light of the laser-sheet and can occur
naturally, due to inclusions present in liquids [3, 6], or can be introduced by
adding a known concentration of fluorescent dye to the liquid under study [7].
Assuming that the elastically scattered light is proportional to the droplet
surface-area and the fluorescence to its volume (or basically the quantity of
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dye in the droplet), the ratio of both images would determine the spatial
Sauter Mean Diameter (SMD) distribution on an illuminated cross-section of
the liquid spray.

One advantage of the Planar Droplet Sizing is that it considers the ratio
of two intensity signals, which should eliminate the influence of laser light
attenuation in its path through a dense cloud of particles as it is present on
both images. One important thing to consider is that the light could have
been multiply scattered by thousands of droplets and the signal of the light in
the considered cross-section is really weak and almost totally covered by the
multiply scattered light.

There are, however, a number of key issues with this technique:

� The PDS method specifically requires 𝑑2 and 𝑑3 dependencies with Mie
scattering intensity signal and fluorescence signal. And even if the 𝑑2

dependency in the range of droplets diameters generally analyzed in a
typical spray injected in an engine (𝑑 > 5𝜇𝑚) has been verified in the
past, the dependency to 𝑑3 is sensitive to fluorescent tracer concentration
and the absorption length within the droplets. This issue can be solved
by a rigorous study of the fluorescence emission and absorption of light
when the concentration of dye in the liquid changes.

� It uses two different properties of light, elastic scattering of the incident
light and fluorescent emission, which is an inelastic light scattering pro-
cess. The Mie scattering having a preferred direction, in opposition to
the fluorescence emission, the signal observed by the camera will not be
the same depending on the position in the image. In other words, the
number of photons coming from one location will not be the same even
if the droplet surface-area is equal if the angle of the elastically scattered
light is different. Due to the anisotropy of the Mie scattered light, the
technique would provide different ratios when observing the same droplet
at different angles, thus limiting the accuracy two-dimensionally.

� Most of the applications of the LIF technique are based on the single
scattering approximation assuming that the detected photons have ex-
perienced only one scattering event prior to arrival at the system of
detection. This assumption remains valid while the particles number
density is low and when the total photon path in the liquid region of
the spray is short. However, in an optically dense medium like the stud-
ied sprays are, a large amount of photons have been scattered more than
once before reaching the detector and so the single scattering assumption
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is no longer valid. In such a situation, the multiple light scattering blurs
and attenuates the original light emitted by the droplets on the illumi-
nated cross-section, introducing significant uncertainties in the detected
optical signal.

In this study, a new illumination technique will be applied together with a
purposely designed imaging system. The combination of these two methodolo-
gies will show their potential for quantitative measurements of fuel concentra-
tion in optically thick media like Diesel sprays. The illumination technique is
inspired by the Structured Illumination Microscopy (SIM) but is implemented
here in a larger scale with a planar laser imaging configuration similar to the
PLIF setup but by using a sine modulated light. The spatial modulation of
the input light is used to remove the out-of-focus photons, which cause blur-
ring effects and attenuation on the resulting image. These unwanted effects
observed in PLIF caused by multiple scattering of light can be suppressed
during the processing of the images. The assumption behind this technique is
that photons that have experienced several scattering events in the sample will
lose the original modulation information on their way to the imaging system;
while singly scattered photons will not. The imaging system aim is to reduce
the contribution of multiple scattering as well, by reducing the diaphragm (in-
creasing f/#), a large part of the multiply scattered photons can be blocked,
thus increasing the efficiency of the technique.

Concerning the vapor phase of the spray, the Planar Laser Rayleigh Scat-
tering (PLRS) will be used to get the fuel-vapor concentration in a DI Diesel
jet quantitatively [8]. Rayleigh scattering is an attractive diagnostics method
since it requires no doping of the media under investigation [9]. Due to the
simple linear dependence of the Rayleigh scattered light signal on the molecu-
lar number density, the interpretation of the intensity of the signal obtained is
almost direct and no complex system calibration are necessary. This method
still requires sufficient care in the optical setup to minimize the other light
sources of elastic scattering whereas the Rayleigh signal from the vaporized
fuel molecules will suffer from interferences from other particles and back-
ground scattered light.

Planar Laser Rayleigh scattering will provide quantitative fuel-vapor con-
centration and will be compared to the quantitative measurements obtained
in the liquid phase of the spray injected under non-evaporative conditions.
This work is part of an international project, whose aim is to serve the in-
dustries by providing unique injector and spray diagnostic. This study and
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quantitative characterization of the spray either liquid or vaporized will assist
in development of improved spray models.

1.3 Outline of the Thesis

To assist the reader and to make this thesis as easy as possible to understand
and follow, it has been divided in seven sections, this general introduction
being the first chapter of the document. The main target of this dissertation
is to carry out the various objectives cited in the last paragraphs. In that way,
along the six next chapters of this document, the results and comments will
always be discussed and compared to the knowledge and the understanding
concerning sprays at this point.

The next coming section (chap. 2) will provide the reader with the charac-
teristics and generation process of sprays with a particular emphasis to Direct
Injected Diesel sprays that are injected in the latest technology on the market.
This review of the literature will give the results of decades of investigation in
this field until today through a detailed description of sprays, the formation
of the droplets and the vaporization of droplets in high temperature ambient
conditions. The study of the characteristics of sprays have been made feasible
thanks to the use of the available experimental techniques.

Chapter 3 will describe the numerous experimental apparatus used in order
to perform all the necessary analyses required to achieve this work. First of
all, the experimental techniques to obtain the internal shape and the hydraulic
characteristics of the injector used will be presented. The equipment used to
carry out optical measurements in sprays will be described in this chapter for
both isothermal and evaporative conditions. The different techniques used
to analyze the liquid spray and the vapor region will be detailed with the
corresponding processing methodologies. The limitations concerning optical
measurements in the liquid region of a Diesel spray due to multiple scattering
will be introduced. Finally, a presentation of different experimental solutions
to overcome multiple scattering effects in liquid sprays will be drawn together
with their advantages and drawbacks.

The following chapter (chap. 4) will present in details the development
and application of a new planar laser imaging technique in a DI Diesel spray.
An evaluation of the technique will be driven to confirm the validity and the
quantitative aspect of the results. The results will reinforce the fact that
the multiple scattering affects optical measurements using visible light in the
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dense region of the liquid spray. The limitations and the uncertainties of such
measurements will also be discussed in this chapter and an evaluation of the
results in sprays will be made through confrontation to a validated model.

In chapter 5, the application of the Rayleigh scattering in the vaporized
region of the spray will be described, the tests will be done in the aim of further
comparing liquid and evaporative sprays. All the necessary steps to setup this
kind of experiment and how to apply it to a vaporized Diesel jet will be given
in this section. The post-processing will also be explained and an analysis will
be done to present an evaluation of the quality and reliability of the results.
Note that the term jet in this document refers to as the vaporized region of
a liquid spray injected under high temperature conditions or simply as a gas-
jet. Spray is a generic term to symbolize a stream of droplets entraining the
surrounding gas. As the fuel injected in this thesis is liquid, the initial stream
will be called spray until complete evaporation, after what it will be defined
as a jet.

All the experimental results will be provided in chapter 6 in order to see
the influence of the different parameters such as gas density and injection
pressure on the fuel mass fraction in the liquid and vaporized part of the spray.
The results of the hydraulic characterization of the injector will be presented
together with the internal geometry measurements. Two-dimensional results
of fuel concentration will be presented for both the liquid region (isothermal
sprays) and the vapor-phase of the sprays. Preliminary comparison will be
done regarding development of sprays injected under evaporative conditions or
not. The results concerning the mixture fraction in the spray under isothermal
and high temperature conditions will be compared and the validity of the gas-
jet model to predict Diesel spray mixing will be discussed.

The last chapter of this thesis (chap. 7) will present the general conclusions
over all the work done during this project of doctoral thesis and will also
provide some recommendations for future researchers proceeding in this field.
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2.1 Introduction

Depending on the kind of application it is used for, the characteristics of sprays
and the way the liquid has to be dispersed could be fundamentally different.
Droplet size, velocity, air entrainment, these characteristic parameters of a
spray are directly related to where it will be injected and the purpose of it.
Sprays are used in many domains, and this becomes truer day after day through
all type of application from the most common use to the new ones. During the
last decades, the most research efforts in spray generation and analysis have
been driven to focus on liquid fuel injection to produce combustion. Leading
to several crucial improvements on the injection process responsible of making
the combustion more efficient and reducing pollutant emission. Even if liquid
spray injected could mean car engines for many people, liquid fuels are injected
in rocket engines, gas turbines, spark ignition engines, Diesel engines for boats,
aircrafts, cars and an extensive list of system in which they will provide power
through combustion.

Liquid fuels are easy to store, to transport, and they present the main
advantage to contain more energy per unit volume than gas fuels. These pow-
erful fluids are injected through specifically designed nozzles in order to be
transformed in a very large amount of droplets as liquid fuels are not volatile
enough to vaporize in the combustion chamber without a successful mass dis-
persion. This process of disintegration ensures a better evaporation and thus
a great air/fuel mixing to permit a complete and fast energy conversion as the
rate of evaporation is inversely proportional to the size of the droplets gener-
ated. More than droplet size only, the structure of the spray plays a major
role in the mixture preparation and will affect the quality of combustion and
pollutant emissions.

As the purpose of this thesis is to provide from both points of view, i.e.
macroscopically and microscopically, a complete understanding of sprays is
needed. For this reason, after an introduction of the technology used in Diesel
engines to make such improved sprays, the next part of this chapter will start
with a description of the internal liquid flow. In the following section the
sprays will be presented, together with a description of the way a liquid flow
can be transformed into thousands of droplets: the disintegration processes.
Finally the different characteristics of Diesel sprays will be presented, from a
theoretical approach.
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2.2 Injection system in Diesel engines

Fuel sprays are injected into the combustion chamber of any of kind of thermal
engines as a result of the pressure difference between both sides of the nozzle
orifice. The high pressure of the fuel that feeds the injector drives the fluid
through the orifices of the nozzle at relatively high speed. The velocity of the
internal flow and the behavior of the fuel stream at the outlet are a direct
consequence of the injection system used and the operating conditions.

The function of the fuel injection system is to supply the engine with fuel
in quantities exactly metered in proportion to the load and power required
and timed with the highest possible accuracy. The injected quantity as well
as the quality of the injected fuel stream are crucial parameters for the engine
to deliver the energy while keeping the pollutant emissions within the limits
prescribed by governmental regulations. The injection system must complete
the three following steps:

� To introduce the fuel in the combustion chamber according to the desired
injection law, which determines the behavior of the upcoming combustion
process.

� To disintegrate the liquid flow into an ensemble of small droplets, this
process is called atomization as the injection pressure is relatively high.

� To mix the fuel and gases present in the combustion chamber through
air entrainment to permit better mixing and thus complete combustion.

Depending on the operating mode of the engine, the injection strategy can
be either indirect or direct. These two configurations do not require the same
kind of technology regarding to the injection system and, the direct injection,
which was earlier used basically in big and slow engines, is now used in small
and fast.

2.2.1 Background

The engines developed in automotive require such a level of versatility that the
engines are small and fast, in comparison to truck engines for example. Thus
the indirect injection was the solution used to ensure complete combustion in
this small period of time between two cycles.
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Indirect injection system

In indirect injection engines, the combustion chamber is divided in two parts:
the pre-combustion chamber and the main chamber, in which the complete
combustion occurs and delivers the output power. During the compression
phase of the 4-stroke cycle, the air gets into the small connecting orifice between
main chamber and pre-combustion volume generating turbulences of the gas
stream. This turbulence helps the mixing process when the fuel is injected
through a single-hole nozzle in the pre-combustion chamber thus igniting when
the adequate thermodynamical conditions are reached. In such systems, the
quality of the injected spray is not as important as it is in direct injection
engines, that is why the injection pressures are relatively low (around 20 to 40
MPa). The mixing process is enhanced by the first stage of the combustion
within the pre-combustion chamber which projects the rich fuel-air mixture
toward the main chamber to "complete" the combustion process.

The pre-combustion chamber also called prechamber is generally designed
and intergrated in the cylinder head as shown in figure 2.1. In this geometry,
the fuel is injected tangentially to surface of the chamber in order to increase
the turbulent behavior of the air-fuel mixture.

Figure 2.1: Schematic of an indirect injection system.

Indirect injection system has the following advantages:

� Due to the turbulence in the pre-chamber, a good dispersion of the spray
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is achieved, thus granting a high-quality macro-mixing.

� A good air-fuel mix, which is necessary to have a good combustion. As a
consequence, in this type of engines violent pressure increases are avoided
as well as great production of noise. Moreover, the good combustion
grants a small production of smoke and NOx.

On the other hand, the following list presents the main disadvantages of
the indirect injection in Diesel engines:

� As a direct consequence to the chamber division, ventilation of the pre-
combustion chamber is bad because of the small section of the connecting
orifice.

� Due to presence of two chambers, the surface/volume ratio is high, thus
leading to great heat dispersion and, as a consequence, a lower efficiency.

� Because of the heat dispersion, a pre-heating spark must be included in
the pre-chamber (see Glow plug on fig. 2.1) to ease engine start in cool
conditions.

� The global efficiency of this engine type is lowered also by the pressure
losses in the throttling between pre-combustion and main chamber.

With the advancements done concerning injection system technology, the
indirect injection became obsolete in most of the applications and is now em-
ployed for specific use that do not require high level of performance. Therefore,
the direct injection earlier used for high volume engines has been developed for
smaller engines and demonstrated to perform better in most of the conditions.

Mechanical direct injection and pump-injector

The direct injection means that the fuel is directly injected into the combus-
tion chamber; hence, no pre-combustion is required and so, this technological
solution reduces (or cancels) the drawbacks of the indirect injection system
listed above. The systems using direct injection were mechanically actioned in
the past decades. This means that the high pressure pump was in charge of
metering the exact fuel quantity to inject with the correct timing. With this
technology, the start of injection is governed by the pressure in the injector
which counteracts the force of the preloaded spring.

The main disadvantages of these systems are:
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� The fluctuations of the injection pressure as this depends upon the engine
speed and time of injection.

� Because the injector opening is mechanically driven, a consequence of
the pressure fluctuations is a lack of control on the real start of injection

In order to control better the start of injection and the quantity injected
in the combustion chamber, the pump injector has been introduced and rep-
resented a big improvement in this field. In this technology, the injector is
the element in charge of metering the fuel quantity to inject as well as the
level of atomization of the spray, i.e. the injection pressure. The fuel pump
only pressurizes the fuel up to the consign of the system and then holds it
constant. The injector opening can be driven either mechanically or thanks
to the new devices aiming at controlling the different parameters of the en-
gine, electronically. Note that the mechanically controlled systems are mainly
used in constant speed engines as the fuel quantity injected decreases when
the engine goes faster.

The systems in which the opening and closing of the injector are controlled
electronically exist for decades [1] but until 1995, no system has been installed
on large-scale car production due to cost and reliability.

The pump-injector is fixed directly in the cylinder head as described in
figure 2.2. This technology groups the high pressure pump, injector and nozzle
in a unique system actioned by an additional cam on the cam-shaft generally in
the cylinder head as well. Each pump-injector is equipped with a fast solenoid
valve to control the start and end of the injection.

The solenoid valve of the pump-injector is normally opened, which allows
the fuel to go back to the fuel tank via the return line. At the same time,
the fuel fills the pumping chamber, in normal operation during the admission
stroke. Once the solenoid valve closes, the fuel cannot exit the injector except
through the nozzle into the combustion chamber when the pressure goes over
the consign load of the spring. Therefore, the start of injection is defined
by the solenoid valve closing and the quantity injected by the closing of the
injector, related to the re-opening of the solenoid valve.

The electronic signal is controlled by the ECU (Electronic Central Unit)
which computes the exact timing as a function of the different parameters
received and according to the engine maps. This means that the start and the
end of injection are programmable and independent upon the position of the
piston and engine speed.
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Figure 2.2: Schematic of a pump-injector system. This system is electroni-
cally controlled.

Thanks to this system, the fluid is at high pressure in a small region inside
of the pump-injector. This offers the consequent advantage to increase the
injection pressure as it is not limited by the high pressure pipes between the
pump and the injector. The high pressure (somewhere over 200 MPa for the
last generation systems) combined with the control on the start and end of
injection leads to a dramatic reduction of the pollutant emissions concerning
Diesel engines. This system offers another advantage it allows disconnecting
some cylinders at low and mid-loads.

The disadvantages of the pump-injector system, making it no longer used
for automotive engines are:

� Because of the location and size of the system, a specific and complex
cylinder head must be designed, thus increasing cost and production
difficulties.

� The pressure being generated by the actioning-cam connected to the
cam-shaft, it is not constant along the cycle.

� Another consequence of the injection pressure is the reduced time of the
injection possibilities, thus making more than two injections per cycle
impossible.

Because of the requirements of the regulations regarding pollutant emis-
sions, injection strategies using more than two injections per cycle have been
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implemented, thus dooming this technology. For these reasons, the car manu-
facturers had to consider other solutions, presenting the same advantages while
avoiding the disadvantages, the accumulation systems or common-rail are the
answer.

2.2.2 The common-rail system

For many years, realizing a flexible injection system for Diesel engines has been
an important target. With the constant request in terms of fuel economy and
emissions regulations, the following parameters must be easily and accurately
controlled:

� The start of injection
� The mass of fuel to inject
� The rate of injection
� The injection pressure

With this purpose many injection designs were studied, the ultimate solu-
tion applied in most of the engines used in automotive production today is the
common-rail. The common-rail system allows controlling the initial time of
the injection, its end, as well as the injection pressure (in a range of 20 up to
200 MPa) and the number of injections (multi injection). With a high level of
accuracy thanks to a fully and integrated electronic control over the multiple
parameters influencing the injection process.

Unlike in conventional systems, in this technology, the pressure in the in-
jector does not govern the injection process directly but through an electronic
command. The injection pressure is generated by an external pump mechan-
ically driven by the engine and the pressure is regulated by a special device
implemented onto the rail. The common-rail acts as an accumulator and en-
sure only small variations of the injection pressure along the cycle in which up
to seven injections can be performed. Figure 2.3 is a schematic representation
of the common-rail injection system as it is implemented in modern Diesel
engines.

In a typical common-rail system, a low pressure pump generally placed
in the fuel tank provides the high pressure pump mechanically connected to
the engine with the fuel. The high pressure pump pressurizes the fuel for
the common-rail acting like an accumulator as introduced earlier and to the
injectors, connected to the rail thanks to high pressure lines. One part of the
fuel is directly injected into the combustion chamber through the nozzle of
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Figure 2.3: Representation of a complete common-rail system.

each injector, another part is used to hydraulically drive the injector opening
and closing and is then traveling back to the fuel tank.

The volume of the rail and the different pipes between the high pressure
pump and the rail or between the rail and the injectors is used to damp out
the fluctuations generated by the pump but also the pressure slope produced
by the sudden fuel discharge when the injector opens. Thanks to this concept,
the fluctuations are only of a few megapascals (MPa) [2], which is relatively
small compared to the high pressure capability of such systems (up to 200
MPa).

The pressure in the rail and therefore in all the system is held by a pres-
sure regulator and controlled by the Electronic Central Unit (ECU) through a
pressure transducer. If the value sets by the ECU is not that measured by the
sensor, the regulator opens the outlet of the rail toward the fuel tank and the
pressure decreases. The pressure is generated by a radial pump for small and
fast engines, and a linear pump is generally used for bigger engined vehicles.
The radial pump presents the advantage of being compact while producing
high pressure with a regulated flow rate, thus being efficient as it adapts itself
to the engine demand.
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2.2.3 The injector and the nozzle

The injector certainly represents the most complex and important organ of
this kind of injection system. A common-rail injector is composed of several
elements shown in figure 2.4 and described below from bottom to top:

Figure 2.4: Global schematic of a solenoid actuated common-rail injector
(Injector type: Bosch CRI2.4).

� A specially designed nozzle. The nozzle generally has several orifices,
up to eight in production injection system for passenger cars. This part
goes together with the needle, which acts as a valve to open or close the
injector.

� A connecting rod which moves together with the needle. The movement
of the needle begins at the top of this part.

� An auxiliary fuel feeding line. This fuel entrance feed the control volume
with the high pressure fuel at the top of the connecting rod.

� A fuel exit at the top of the control volume. Closed by the solenoid
valve, this controls the injector opening and closing thanks to a pressure
difference.
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This type of injector uses the high pressure generated by the pump and
always available as long as the engine is running as a source of energy to move
the needle up and down. This hydraulic control of the injector is the key as it
only requires a small quantity of energy to open or close the injector while a
direct action on the needle would require hundreds of times more.

The following description of the working principle of this technology is
supported by figure 2.5 in which the different phases of the injector during a
injection cycle are schematically represented.

Auxiliary
line

Control
volume
outlet

Injector closed Injection Injector closing

Figure 2.5: Working principle of a typical solenoid actuated common-rail
injector.

The fuel is provided at the entrance by the high pressure pump through
the common-rail and the distribution lines. Right after the entrance, the fuel
is divided into two channels, one goes down toward the nozzle, this fuel is
the one to be injected and another goes to the control volume. To access the
control volume located at the top of the connecting rod, the fuel goes through
the auxiliary line on which a calibrated orifice has been manufactured.

When the solenoid is not activated, the valve is closed and no flow can
go through the control volume outlet, also equipped with a calibrated orifice.
Therefore, the pressure of the fluid in the control volume is the static pressure
of the injection system and the area at the top of the connecting rod is higher
than that of the needle, the pressure pushes the rod-needle down, thus closing
the orifices. Note that a pre-loaded spring keeps the injector closed when there
is no pressure.
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Once the solenoid is activated, the valve goes up and the outlet of the
control volume opens, hence the pressure at this location suddenly drops down.
In this situation, the pressure at the top of the connecting rod is lower and the
high pressure at the bottom of the needle makes the system rod-needle to go
up. This action opens the nozzle and the orifices start to inject. The injection
lasts until the solenoid is deactivated, this closes the volume control and the
pressure at the top of the connecting rod increases, thus getting stronger than
that at the bottom of the needle. The system rod-needle then goes down and
the orifices of the nozzle are closed again, thus ending the injection.

In newer generations, the solenoid has been replaced by a piezo-electric
system offering a better control for smaller injection timings and allowing
faster action, thus increasing the number of injection per cycle potentially.
The difference resides in the opening of the control volume now performed by
the deformation of a material with piezo-electric characteristics.

The nozzle also represents a crucial part of the injection as its shape mainly
determines the behavior of the flow at the outlet and therefore the spray devel-
opment and atomization. There is a high degree of international standardiza-
tion concerning injector nozzles and most are derived from the original Bosch
designs and are interchangeable, although internal features may vary.

Direct-injection systems employed in the automotive production mostly use
long-stem hole-type nozzles as shown at the bottom of the injector schemed
in figure 2.4. The extended small-diameter tip reduces the space required
to accommodate it between the cylinder head valves, generally placed in the
center of the combustion chamber for a better mixing process.

A large amount of parameters influence the manufacturing of the nozzle,
based upon the specificities required by the manufacturer concerning the engine
performances. The number, diameter and position of the orifices represent part
of the most important parameters concerning nozzle design. The ratio of the
diameter of the valve guide and seat called the differential ratio also plays a
role on the dynamic of the injector, as well as the mobile mass of the needle.
The diameter and volume of the sac are other of the numerous parameters
to take into account as they certainly have an impact on the performances of
the injection system. It must be said however that in addition to all these
factors, the shape of the orifice shall be the most important when looking at
spray development and disintegration process as for a same orifice diameter,
the behavior of the flow may be fundamentally different.
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2.3 Internal liquid flow

The characterization of the liquid flow inside the orifice of the nozzle is fun-
damental for a complete understanding of the breakup processes responsible
of the disintegration and full atomization and thus development of the liquid
spray. The study of the parameters that influence the internal flow is a chal-
lenge as all the processes occurs inside the orifice, at microscopic scales and
relatively high velocities [3–7].

An extensive work has been performed by Gimeno [8] in 2008 on internal
flow characterization and the objective of this section is to summarize and add
recently published support to this work.

2.3.1 Orifice geometry and related parameters

The orifice of a Diesel injection nozzle is not a simple straight pipe but has
several specificities that strongly affect the flow of the liquid inside [9–11].
Figure 2.6 defines schematically the important characteristic dimensions of a
typical orifice that can be found in a Direct injection nozzle.

i

e

Figure 2.6: Geometric parameters to define the orifice of a Direct injection
nozzle.

The geometric parameters generally used in fluid mechanics applied to
Diesel nozzle injectors are: inlet and outlet diameters 𝐷𝑖 and 𝐷𝑜 respectively,
orifice length 𝐿 and entrance radius 𝑟𝑒. From these dimensions, some parame-
ters can be defined, they characterize the shape of the nozzle’s orifice and are
dimensionless:

� Length - diameter relation: 𝐿/𝐷𝑜

� Entrance radius - inlet diameter: 𝑟𝑒/𝐷𝑖

� Inlet - outlet diameter ratio: 𝐷𝑖/𝐷𝑜
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This last ratio gives conicity or convergence (note that it can also be diver-
gence) of the orifice, this ratio is equal to the unity 1 for cylindrical nozzles.
To determine the convergence of an orifice, the k–factor is generally found
throughout the literature and is defined as follows [12,13]:

k–factor =
𝐷𝑖 −𝐷𝑜

10 [ µm]
. (2.1)

Nevertheless, this parameter presents the disadvantage not to make any
difference between actual orifice diameter. For example, an orifice with 𝐷𝑖 =
210 µm and 𝐷𝑜 = 200 µm will have the same k–factor as another hole with
𝐷𝑖 = 110 µm and 𝐷𝑜 = 100 µm; while the geometrical areas and therefore the
flow characteristics will be different.

2.3.2 Characteristics of the flow

The fluid mechanic has been studies for years and a lot of models and equations
are known to predict and analyze every kind of process. As a first approach, the
flow regime can be or must be determined to know in which situation the flow
is and therefore which theory has to be applied in the studies case [14]. Two
flow regimes with quite accurate theories are commonly accepted: Laminar and
turbulent that are distinguished for specific values of Reynolds number [15],
a dimensionless parameter that gives a measure of the ratio between inertial
forces and viscous forces:

𝑅𝑒 =
𝜌𝑓 𝑢𝑓 𝐷𝑜

𝜇𝑓
. (2.2)

In this expression, 𝜌𝑓 is the fuel density, 𝑢𝑓 the velocity of the flow, 𝐷𝑜 the
specific diameter, concretely the nominal outlet diameter of the pipe and 𝜇𝑓
the dynamic viscosity of the fluid. For cylindrical straight ducts, internal
experimental observations show that the flow is laminar for values of Reynolds
number below 𝑅𝑒 ≈ 2300 and turbulent for values above 𝑅𝑒 ≈ 4000. The
interval 2300 < 𝑅𝑒 < 4000 is considered as a transition zone where both
laminar and turbulent regimes are possible, depending on several parameters
like pipe roughness or flow uniformities. Nonetheless, care must be taken with
respect to this definition because it appears to be valid only for fully developed
flows, this means after a certain distance in the pipe. When a fluid is traveling
into a pipe, a sudden change of direction can produce local uniformities of
the flow due to the fact that the boundary layer has to thicken to wall and
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it takes time (distance) to be stabilize. It is generally consider that it takes
several diameter to be stable, in the case of the orifice introduced before, it
would be stable at high 𝐿/𝐷 (either 𝐷𝑖 or 𝐷𝑜). This distance needed to get
a stabilized flow also depends on the regime (laminar or turbulent) and would
never be long enough in an injector’s orifice as this ratio is generally lower than
𝐿/𝐷 ≈ 10. In practice, the length of the orifice necessary to consider the flow
as stable in the laminar regime is also function of the Reynold number [16]:

𝐿

𝐷
= 0.03 𝑅𝑒 When Re < 2300. (2.3)

Other values of the coefficient in this equation can be found in the literature
going from 0.03 to 0.06 [17]. In this formulation, for example if 𝑅𝑒 = 2000,
the length should be around 60 times the diameter 𝐷 to consider the flow fully
developed.

When the regime is turbulent (𝑅𝑒 > 4000), the mixing intensity induced
by the turbulence itself makes the necessary length shorter to get a developed
flow. The formulation proposed by White [17] to calculate the length necessary
to consider the flow stabilized in turbulent regime is:

𝐿

𝐷
= 4.4 𝑅𝑒1/6 When Re > 4000. (2.4)

As an example, for Reynolds number commonly used in the orifice of an
injector (10000 < 𝑅𝑒 < 100000), the length should be between 20 and 30 times
the orifice diameter to get a fully developed turbulent flow.

This leads to the following conclusion that neither in laminar regime con-
dition nor in turbulent, the orifices used in Diesel injectors are long enough.
This means that in none case the flow will be fully developed and thus the
analysis of the flow in such orifices would require the following considerations
to be taken into account:

� The behavior of the flow will be directly related to the geometry of
the entrance of the orifice and will affect the flow characteristics, e.g.
thickness of the boundary layer (or separation), local pressure losses,
etc. In this way, the velocity profiles and head losses in the orifice will
strongly depend on the flow behavior at the entrance.

� As the flow is not completely developed, the standard limits used to
characterize the regime as laminar or turbulent (𝑅𝑒 > 4000) will not be
valid in such an orifice [18]. As a consequence, the Reynolds number is
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not the only parameter to take into account to characterize the regime
and therefore the intensity of the turbulence.

� The fluid mechanic theories based on fully developed flow cannot be
applied in this case. For example, the velocity profiles at the orifice
outlet will not be almost constant in the whole section of the orifice exit
as it would be if flow were stabilized [19].

2.3.3 Pressure drop and cavitation

On its way through the orifice, the fuel will lose part of its energy. This energy
loss, generally called pressure drop, is the result of several parameters and
causes a decrease of the flow outlet velocity. There are two types of pressure
losses in the orifice of an injector’s nozzle: The minor losses generated by the
geometry of the orifice entrance and the major losses produced by the friction
of the fluid against the walls.

Due to a sudden change of section at the entrance of the orifice, the fluid
cannot easily follow the way guided by the internal shape in this region and
a separation of the boundary layer may occur. This separation results in the
apparition of a recirculation zone that restrains the flow in a smaller section
commonly called Vena Contracta. This restriction makes the flow to speed up
(and the pressure to drop down) locally around the Vena Contracta; then the
flow slows down at the end of the recirculation zone to reach the orifice walls
again. Figure 2.7 represents schematically this process at the entrance of an
orifice.

Recirculation zone Vena Contracta

Figure 2.7: Schematic of the Vena Contracta and recirculation zone at the
orifice entrance.

From a physical point of view, this deceleration of the flow produces a large
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viscous dissipation that yields to the following pressure drop presented in [19]:

∆𝑝𝑖 = 𝜉
𝜌𝑓
2
�̄�2𝑓 , (2.5)

where 𝜌𝑓 is the fuel density and �̄�𝑓 the mean velocity of the flow. The minor
loss coefficient 𝜉 ranges from 0 and upward; 0 meaning that there is no loss
and when 𝜉 = 1, the pressure drop is equal to the dynamic pressure. Note that
the minor loss coefficient can also be greater than 1 for some components.

The minor loss is also called singular head loss, this termination might be
more adapted to the orifice of an injector’s nozzle. The minor loss can actually
be significant there compared to the major loss that refers to the pressure drop
due to friction because as explained before, the orifice of an injector’s nozzle
is generally short.

So the major loss induced by friction ∆𝑝𝑓𝑟𝑖𝑐 against the walls in the ori-
fice is dependent on the length of the hole 𝐿 and is defined by the following
expression:

∆𝑝𝑓𝑟𝑖𝑐 = 𝑘𝑓𝑟𝑖𝑐
𝐿

𝐷

𝜌𝑓
2
�̄�2𝑓 . (2.6)

Here, 𝑘𝑓𝑟𝑖𝑐 is the friction coefficient that depends on Reynolds number and wall
roughness, and 𝐷 is the orifice diameter. To evaluate the friction coefficient
𝑘𝑓𝑟𝑖𝑐, once again, the regime must be known; however, if the flow is considered
fully developed and within the laminar regime, the pipe roughness can then
be neglected and the friction coefficient only depends on Reynolds number:

𝑘𝑓𝑟𝑖𝑐 =
64

𝑅𝑒
. (2.7)

When the regime is turbulent, the roughness affects the flow and the friction
coefficient can then be expressed as the following function:

𝑘𝑓𝑟𝑖𝑐 = 𝑓(𝑅𝑒, 𝑒/𝐷) . (2.8)

where 𝑒/𝐷 is the relative roughness with 𝑒 the absolute roughness and 𝐷 the
orifice diameter. The Colebrooke equation presents an analytical solution of
the friction coefficient [9]:

1√︀
𝑘𝑓𝑟𝑖𝑐

= −2 log

(︃
2.51

𝑅𝑒
√︀
𝑘𝑓𝑟𝑖𝑐

)︃
+
𝑒/𝐷

3.72
. (2.9)
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Since 𝑘𝑓𝑟𝑖𝑐 is on both sides of the equation, it has to be solved by iteration;
if Reynolds number, length and diameter of the orifice, roughness, fluid den-
sity and mean velocity of the flow in the orifice are known, the pressure drop
induced by friction can be calculated. Moody’s diagram is a graphical repre-
sentation of the Colebrooke equation in which the friction coefficient can be
found if Reynolds number and pipe roughness are known.

At some conditions, the shape of the orifice can lead the fluid to reach the
vapor pressure in the recirculation zone. This phenomenon called cavitation
represents the change from liquid to vapor phase of the fluid inside the orifice
[20, 21]. When the separation of the boundary layer is too sudden, the static
pressure can go down to the critical vapor pressure of the fluid and gas bubbles
are produced that maybe dragged through the orifice till the exit.

The phenomenon of cavitation is quite common in Diesel injector orifices
as the pressure differences used presently are relatively higher. To control
this effect, the shape of the orifice has been purposely designed to prevent the
apparition of cavitation; whether it is harmful or not, cavitation is not desirable
in fuel injection nozzles. To do so, convergent orifices and larger entrance
radius have been manufactured as a response to the constantly increase in
injection pressures. Such a shape also proved to keep the orifice cleaner due
to a better internal dragging; however, they started to be widely used only a
few years ago [12,22].

One of the first study that commented the apparition of cavitation in an
orifice has been presented by Bergwerk [10]. In this work, small transparent
orifices have been used to observe the apparition of cavitation under certain
conditions. Since then, a lot of studies have been performed to experimentally
visualize cavitation in the aim of analyzing which parameters were controlling
its apparition and characteristics.

The apparition of cavitation produces a fundamental change of the flow
characteristics in the orifice; the main consequence being indisputably the
discharge loss that the orifice suffers when the flow is cavitating. The fact
that part of the fluid has been vaporized in the orifice makes the mean density
smaller and leads to a decrease of the mass flow rate. This aspect has also
been observed by Bergwerk [10] and means that cavitation is always associated
with a reduction of the mass flow rate.

This decrease of the mass flow rate has a direct effect on the discharge
coefficient, which is one of the most used parameters to characterize the flow
through the orifice of an injector’s nozzle. It is defined as the ratio of the real
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mass flow and the maximum theoretical value of the flow at these conditions.
The theoretical mass flow is calculated by Bernoulli’s equation assuming that
the orifice does not suffer from pressure losses and that the flow velocity before
the studied orifice is negligible:

𝑝𝑖𝑛𝑗
𝜌𝑓

=
𝑝𝑏
𝜌𝑓

+
1

2
𝑢2𝐵 . (2.10)

𝑝𝑖𝑛𝑗 and 𝑝𝑏 are the injection and discharge pressure respectively. Simplifying
the pressure drop as ∆𝑝 = 𝑝𝑖𝑛𝑗 − 𝑝𝑏, the maximum theoretical velocity of
Bernoulli after combination is expressed as:

𝑢𝐵 =

√︃
2 ∆𝑝

𝜌𝑓
. (2.11)

Now, assuming that the flow is driven all the way through the orifice and that
all the geometrical area of the outlet 𝐴𝑜 is used by the fluid, the theoretical
mass flow rate would be given by the following expression:

�̇�𝑡ℎ𝑒𝑜 = 𝐴𝑜 𝜌𝑓 𝑢𝐵 . (2.12)

And finally, the discharge coefficient can be written as:

𝐶𝑑 =
�̇�

�̇�𝑡ℎ𝑒𝑜
=

�̇�

𝐴𝑜 𝜌𝑓 𝑢𝐵
=

�̇�

𝐴𝑜

√︀
2 𝜌𝑓 ∆𝑝

. (2.13)

A simple one dimensional model can be used to extract the calculation of
the mass flow rate when the orifice is cavitating. Nurick [21] developed an
interesting model through testing transparent scaled orifices in which several
phenomena coming from cavitation can be explained. The parameters used in
this model are represented in figure 2.8 together with a schematic view of the
cavitation in an orifice.

In this sketch, i is one point upstream, where the conditions are steady
enough to consider the velocity of the flow negligible. Point c corresponds to
the exact location where the Vena Contracta has the smallest sectional area.
Finally, b is a point at the outlet of the orifice. On this figure, the cavitation (or
fuel vapor phase) is observed close to the entrance and sticks to the wall again,
the rest being the liquid fluid flowing toward the exit. With this model, the
difference between a cavitating flow or not are more obvious and the process
can be better understood.
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Figure 2.8: Comprehensive scheme of Nurick’s model for cavitation [21].
General parameter definition.

Under cavitating conditions, the mass flow rate at the outlet of an orifice
would be:

�̇� = 𝐴𝑐 𝜌𝑓 𝑢𝑐, (2.14)

where 𝐴𝑐 and 𝑢𝑐 are the sectional area and velocity at location 𝑐 on figure 2.8
respectively. 𝐴𝑐 can also be written as a function of 𝐴𝑜 by the implementation
of an area contraction coefficient 𝐶𝑎 such as 𝐴𝑐 = 𝐶𝑎 𝐴𝑜. Its value depends on
the geometry of the entrance of the orifice and may vary from 0.61 to 1, where
the lowest value is observed for sharp edges [23]. Note that the contraction
coefficient can also be used for non-cavitating orifices if the edges are sharp.

On the other hand, it can be assumed that the pressure loss between the
inlet of the orifice and the chamber is negligible because of the vapor layer
against the wall that makes the efforts lower. Besides, both liquid and vapor
are present in section 𝑐 which allows assuming that the pressure at this location
is the vapor pressure 𝑝𝑣𝑎𝑝. These hypotheses lead to another formulation of
the Bernoulli’s equation between points 𝑖 and 𝑐:

𝑝𝑖 = 𝑝𝑣𝑎𝑝 +
1

2
𝜌𝑓 𝑢

2
𝑐 . (2.15)

After combination of last two equations (2.14 and 2.15), the following expres-
sion of the mass flow rate is obtained:

�̇� = 𝐴𝑜 𝐶𝑎

√︁
2 𝜌𝑓 (𝑝𝑖 − 𝑝𝑣𝑎𝑝) . (2.16)

The mass flow rate under cavitating conditions is independent of the pres-
sure downstream (discharge pressure 𝑝𝑏), but only depends on the injection
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and vapor pressures. This means that when the flow is cavitating, the ori-
fice is collapsed and the mass flow rate does not increase anymore when the
discharge pressure goes down. Soteriou et al. [24] verified this experimentally,
either with scaled nozzles or real sized orifices. The mass flow rate as a function
of pressure drop is given in figure 2.9, it can be observed that when the 𝑝𝑏 goes
down, the mass flow rate does not increase as the orifice is collapsed. This plot
indicates that the flow is not increasing anymore, no matter the pressure drop.
This is a typical behavior of cavitating orifices, from these results, it can be
concluded that there is contraction of the mass flow because of the cylindrical
geometry of the orifice.

Figure 2.9: Collapsing of the mass flow at the outlet of a cylindrical orifice
(source Gimeno [8]).

Another parameter comes from the last expression (2.16), the discharge
coefficient can be calculated if the area contraction coefficient is known:

𝐶𝑑 = 𝐶𝑎

√︂
𝑝𝑖 − 𝑝𝑣𝑎𝑝
𝑝𝑖 − 𝑝𝑏

. (2.17)

The quotient under the square root in this equation is the cavitation number.
Introduced by Nurick [21], it gives an indication of the cavitation level of the
flow in the orifice:

𝐾 =
𝑝𝑖 − 𝑝𝑣𝑎𝑝
𝑝𝑖 − 𝑝𝑏

. (2.18)
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The cavitation number controls the characteristics of the flow whereas they
are more controlled by the Reynolds number when the flow is not cavitating.
This non-dimensional parameter conceptually compare the convective forces as
an indicator of the cavitation, with an inhibitor effect: the difference between
discharge and vapor pressure. This last statement signifies that an increment
of the injection pressure will increase the level of cavitation while an increment
of the back pressure will inhibit it. As defined, a low value of K indicates a
high level of cavitation. The beginning of the cavitation can be defined then
as the critical cavitation number: 𝐾𝑐𝑟𝑖𝑡. This means that when 𝐾 is going
down, the probability of cavitation of the flow is higher; consequently, for 𝐾
lower than 𝐾𝑐𝑟𝑖𝑡, the flow will be cavitating. Several studies carried out on
the critical cavitation number found that it was mainly dependent on orifice
geometry (entrance radius, convergence or diameter of the orifice [25]), but
also on the injection pressure [26–28].

Figure 2.10: Evolution of the discharge coefficient 𝐶𝑑 as a function the cav-
itation number in a cylindrical orifice (source Gimeno [8]).

Figure 2.10 represents the discharge coefficient according to the cavitation
number (same nozzle as used in fig. 2.9). The critical cavitation number 𝐾𝑐𝑟𝑖𝑡

is depicted on this graph, it can be seen that when the flow is cavitating, the
results match the predictions of Nurick’s model.

2.3.4 Influence of nozzle geometry on the internal flow

The internal geometry of the nozzle has a fundamental effect on the charac-
teristics of the flow in the orifice. There are different aspects of the internal
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nozzle shape that can affect the flow and their influence may change depending
on the conditions of the injection process. The geometrical parameters that
influence the internal liquid flow are described qualitatively together with the
resulting effects of the different internal shapes.

Length - Diameter relation

A distinction has to be made on the effects of the length - diameter relation de-
pending if the flow is cavitating or not. If the flow is not within the cavitation
regime, an increase of the 𝐿/𝐷 ratio will induce higher losses due to friction
against the walls. This will obviously affect the discharge coefficient (𝐶𝑑),
Lichtarowitz et al. [29] made a compilation of the results published by several
researchers who studied the flow under non-cavitating conditions. These works
found that the maximum discharge coefficient obtained at high Reynolds num-
ber, was decreasing as the 𝐿/𝐷 ratio was increasing. Note that the authors
also pointed out that for 𝐿/𝐷 values below 2, the discharge coefficient is lower
because the separation of the flow makes the effective area smaller.

First thing to say about the apparition of cavitation is that a higher 𝐿/𝐷
ratio leads to lower values of 𝐾𝑐𝑟𝑖𝑡; the consequence is a shifting in the appari-
tion of cavitation to lower cavitation number 𝐾, making its apparition more
difficult. In fact, a higher head loss due to the increase of the 𝐿/𝐷 produces
that for similar discharge pressure and mass flow, the pressure at the entrance
is higher, thus leading to a lower probability of reaching the vapor pressure.
This effect is schematically depicted in figure 2.11 presented by Ramamurthi
and Nandakumar [30] to justify this phenomenon.

Convergence of the orifice

The convergence of the orifice is the relation between both inlet and outlet sec-
tional areas. When the orifice is convergent, this means that its inlet diameter
is larger than that of the outlet. For this reason, the mean velocity of the flow
at the entrance section 𝑢𝑖 will be lower than the outlet mean velocity 𝑢𝑜 for
such an orifice. The relationship between convergence, velocity and diameter
can be expressed as:

𝑢𝑖
𝑢𝑜

=
𝐴𝑜

𝐴𝑖
=

(︂
𝐷𝑜

𝐷𝑖

)︂2

. (2.19)
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Figure 2.11: Evolution of the static pressure along an injection orifice for
two 𝐿/𝐷 ratios. The prime symbol designates a higher 𝐿/𝐷 ratio (source
Ramamurthi and Nandakumar [30]).

In this equation, density, pressure and velocity are considered to be uniform in
both entrance and exit sections of the orifice. By applying Bernoulli’s equation
between entrance and exit of the nozzle, the following equivalence is obtained:

𝑝𝑖 +
1

2
𝜌𝑓 𝑢

2
𝑒 = 𝑝𝑜 +

1

2
𝜌𝑓 𝑢

2
𝑜, (2.20)

where 𝑝𝑖 and 𝑝𝑜 are the inlet and outlet pressure respectively. A combination
of this expression (eq. 2.20) with the previous equation (2.19) and substituting
𝑢𝑜, the following expression is obtained:

𝑝𝑖 − 𝑝𝑜
1/2 𝜌𝑓 𝑢2𝑜

= 1 −
(︂
𝐴𝑜

𝐴𝑖

)︂2

= 1 −
(︂
𝐷𝑜

𝐷𝑖

)︂2

. (2.21)

As demonstrated in this last equation, a higher convergence (higher 𝐷𝑖/𝐷𝑜)
induces a higher increment of the static pressure at the orifice entrance. This
leads to several consequences: first, higher pressure at the entrance shifts the
apparition of cavitation as seen before, due to a lower 𝐾𝑐𝑟𝑖𝑡. Secondly, a
higher pressure in the entrance section means o lower pressure difference with
the pressure upstream and thus, a diminution of the minor head loss at the
entrance. Finally, the result of these two consequences has a direct effect on
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the injected mass. If the pressure loss is lower through the orifice, the mass
flow rate is higher and in the same way, the discharge coefficient as well.

For these reasons and to better control the injection, almost all the nozzles
implemented nowadays in Diesel engines use convergent nozzles, some shapes
are even able to cancel the cavitation phenomenon for all operating conditions
[31,32].

Entrance radius

The main cause of the head loss at the orifice entrance has been detailed
previously in this section as a separation of the boundary layer produced by
high velocities and sudden change of the direction of the flow. One solution to
decrease this separation is to increase the curvature of the radius of the edges
at the entrance. This has the following effect which is to reduce the sudden
change of the fluid flow and therefore the head loss engendered in this area is
going down and could be considered as negligible for 𝑟𝑒/𝐷𝑖 ≥ 0.2 [19].

This reduction of the pressure losses leads to higher values of the discharge
coefficient but also to a diminution of the apparition of cavitation [19]. This
can be explained by a higher pressure at the entrance due to smaller separation
of the boundary layer and thus larger section area for higher 𝑟𝑒/𝐷𝑖 ratio.

The work published by Gimeno [8] treats the different aspects of the ge-
ometry as well as their influence on the flow at the outlet of the orifice. The
reader may be interested in this thesis to find additional information concern-
ing internal flow behavior.

2.4 Formation of Diesel sprays

After a review of the characteristics of the internal flow inside the orifice of
an injector’s nozzle and the properties of the flow at the outlet, this section
presents the main aspects known at present about Diesel sprays. The structure
of the sprays and the different parameters that influence them are detailed now
as all this represents the main purpose of this work. The atomization regimes
are described together with their parametric characteristics and the effects
on droplet formation. Finally, special attention is paid to the parameters
used, from an experimental point of view, for the characterization of sprays
injected in Diesel engines. This part presents two different approaches to
analyze sprays: the macroscopic point of view for the basic geometrical aspects
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of the spray and the microscopic one which is more dedicated to analyzing the
internal and dense region of the spray when possible.

2.4.1 General properties of sprays

Sprays are known to be complex fluid mechanical structures born from the
disintegration of a liquid flow into numerous droplets. This flow interacts with
the ambient gases and the aerodynamic forces induced by the inter-facial fric-
tions between liquid and gas produce liquid structures to be extracted from
the liquid core. Depending on both the liquid and surrounding gas conditions,
several disintegration regimes can be identified [33]. These regimes will be de-
tailed in the next coming section focusing on the last regime: the atomization,
which mainly corresponds to DI Diesel engines sprays.

Spray structure

Directly injected Diesel sprays aim is to achieve the best atomization, that is
why the following description will support spray structure under atomization
regime and continuous reference will be made toward Diesel injection. As it has
been seen for the internal flow, a lot of parameters are involved in the process of
spray formation as well. The injected liquid core is mainly affected by the same
properties that control the internal liquid flow; the surrounding gas will also
play a major role in spray behavior. The effects of the surrounding medium
will be studied and evaluated throughout this section as several parameters
have to be used to characterize its influence.

The structure of a spray under the atomization regime is sketched in fig-
ure 2.12, where macroscopic parameters and microscopic properties can be
identified.

A global point of view provides information about the spreading angle of
both the near nozzle field and the more dilute region. Looking at the spray in
detail, several fluid mechanical zones can be identified [33,34]:

� The liquid core is an extension of the internal liquid flow not yet per-
turbed that remains compact and intact for a short distance in the dis-
charge chamber.

� The multi-phase mixing layers refer to relatively large liquid structures
generated by the primary disintegration of the boundaries of the liquid
core.
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Figure 2.12: Illustration of the structure of the spray in the atomization
regime (source [34]).

� The disperse flow is the largest part of an atomizing spray where small
and round droplets are formed.

� The vaporization zone downstream, whose location mainly depends upon
temperature. Note that the evaporation process actually starts once the
spray is injected in the high temperature chamber.

Under non-evaporative conditions, the complete process of atomization is
that an incoming liquid flow exits from the exit and is subject to pertur-
bations driving the spray to disintegrate into numerous small droplets. The
disintegration of a liquid body into structures due to contacts between gas
and liquid generating interfacial instabilities is known as the primary breakup.
This first step of the disintegration process only occurs in the dense region of
the spray where the disturbance are periodic [35] and lead to break the liquid
core into smaller but geometrically irregular structures. The second breakup
is the disintegration of these structures into small round droplets mainly due
to a balance between aerodynamic forces and surface tensions.

The characterization of the dilute spray is obviously easier than that of
the denser part, near the nozzle outlet. The irregular structures present in
the near nozzle field make the measurements difficult and that is why there
is a lack of information in this region. The complexity of the disintegration
processes in the dense core can be schemed by the fact that there is not a fixed
terminology to describe the biphasic flow or ligaments until they are droplets.
A lot of studies have been done to analyze the dilute region of the spray which
is generally situated from 200 to 500 outlet diameters at normal temperature
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and pressure according to [6]. A specific study showed that for Diesel sprays,
the average breakup length was comprised between 10 and 30 mm for spray
velocities of around 200 m/s. Downstream along the axis, the spray is becoming
more and more dilute and the volume fraction is decreasing as the distance
between droplets is increasing. The liquid volume fraction is an important
parameter as it gives the air/fuel ratio in the spray. It mainly depends on
position, either axially or radially and starts from 1 in the liquid core to go
below 0.1 at the edges of the spray and shall be 0 in the ambient [34].

When the droplets are small and dispersed and traveling into the surround-
ing gas, they will evaporate due to contact with the airflow. The temperature
of the ambient gases is the main parameter that affects the rate of evapora-
tion; nonetheless, the size of the droplets and the relative velocity also have
to be taken into account. All the parameters described before have their im-
portance on the evaporation rate of the droplets, some other parameters like
fluid properties will be detailed in the forthcoming paragraphs.

Properties affecting spray behavior

Whether it is injected under high temperature conditions or not, the final
structure of the spray is the result of the combination of a large amount of
parameters. From the characteristics of the internal flow to the properties
of the surrounding gases, every parameter plays a role in the development,
atomization and evaporation of the spray. This section gives a summary of the
numerous physical and chemical characteristics that influence the formation
of a spray.

As seen previously, the internal flow is influenced by fluid properties, the
injected flow will be also affected but additional effects are observed. The
most representative fluid characteristics that play a role in the generation of
sprays are density, viscosity and surface tension. It has to be said that these
characteristics are strongly affected by temperature and under evaporative
conditions for example, they would be really different.

Fluid density is the first parameter to come in mind, it is easy to measure
and its effect is easily understandable. A denser fluid transports more mass,
but the injected flow has a lower velocity as well and this should lower the dis-
integration rate. It has been reported that denser fluids generally disintegrate
less due to the formation of bigger ligaments that present higher resistance to
segregation [36]. The relative lower velocity is also an important parameter
and recent studies made with biodiesels confirm this trend [37].
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The viscosity presents the quantity of the resistance for a liquid to flow
and a higher viscosity means a higher resistance. Its influence on sprays lies
on flow rate, geometrical shape of the spray and droplet size. A lower flow
rate when the viscosity increases leads to hamper the development of the liq-
uid core. The disintegration process is then delayed and larger droplets are
present in the dilute region. From a macroscopic point of view, higher viscosity
means narrower sprays [37]. Note that it has been observed that denser fluids
generally have higher viscosity and it is not always straightforward to conclude
about one of these fluid characteristics.

Despite the fact that there are no real studies dedicated to the analysis of
the surface tension influence on spray developments, it is certainly the most
important parameters when the spray is being disintegrated. The surface
tension is the property of a liquid to keep its molecules together at an interface,
in this context, between air and fuel. Higher surface tension generally leads
to larger droplets because the fluid has a better capability of countering the
aerodynamic, centrifugal and pressure forces.

The velocity and in a similar way the level of turbulence of the flow studied
earlier directly affects the spray structure and its disintegration. A high speed
flow entrains a large amount of gas during spray penetration due to the transfer
of momentum [38]. The velocity could come from the outlet flow but also from
the gas in the chamber, in the end, the relative velocity is the characteristic
parameter of importance. The turbulence also influences the disintegration
of the spray due to a higher level of disturbance. Care must be taken when
talking about turbulence in such orifices, as seen earlier, all theoretical studies
regarding the turbulence of the flow are really risky.

The surrounding gas must also be taken into considerations as it presents
physical properties that affect the development and mixing of the spray. The
density of the ambient gases is the most important factor of influence from
both a macroscopic point of view or a microscopic one. The interaction of the
fluid and the gas at relatively high opposite velocity generates a kind of fluid
hammer which is responsible of the disintegration, a higher density means a
more intense fluid hammer and thus smaller droplets. At the same time, the
axial velocity is reduced by a higher density and therefore, the radial one has
a stronger effect, this leads to get wider sprays.

The temperature is essential to characterize the structure of the spray as it
influences the fluid mechanical properties of the injected liquid. In addition to
the effect on fluid properties, it controls dramatically all the chemical processes
potentially happening in such event. For example, under high temperature, the



40 Chapter 2. Injection Process In Diesel Engines

rate of evaporation is higher and the vaporization of the droplets starts from
the first exit of the orifice. This makes hard the comparison of sprays under
evaporative conditions or not as the disintegration processes are dramatically
different and in most cases, the droplets would be fully vaporized even before
the end of respective atomization. However, due to strong changes in physical
and chemical properties of both fluids, any conclusion is then complicated.
This aspect is discussed later in this thesis (Chapter 6).

Spray physical parameters

It is commonly accepted that the behavior of the spray breakup processes is the
relative importance of fluid inertia compared to its surface tension. To analyze
fluid flows in which there is an interface between two fluids (e.g. liquid and
gas), a dimensionless number is often used: the Weber number, defined as:

𝑊𝑒 =
𝜌𝑓 𝑢

2 𝑙

𝛾𝑓
. (2.22)

In this expression, which is useful to analyze droplet formation, 𝜌𝑓 is the den-
sity of the fluid (liquid), 𝑢 is the relative velocity of the flow, 𝑙 the characteristic
length of the liquid structure, in this case the diameter of the droplets. Finally,
𝛾𝑓 is the surface tension between the fluid and the medium, here Diesel fuel in
air. The Weber number in its common form is principally used to classify the
disintegration regimes as well as the breakup regimes of a single droplet in a
smaller scale. It is also utilized as the determination coefficient of a droplet to
breakup via the definition of a critical Weber number that gives a threshold
value where above it, the droplet is supposed to breakup whereas for lower
values, it should remain stable in the flow.

Another dimensionless parameter is also important to define sprays; the
Ohnesorge number (Oh [39]) relates the viscous forces to inertial and surface
tension forces, it is defined as follows:

𝑂ℎ =
𝜇𝑓√︀
𝜌𝑓 𝛾𝑓 𝑙

=

√
𝑊𝑒

𝑅𝑒
. (2.23)

Defined earlier in this section, 𝜇𝑓 is the dynamic viscosity of the fluid. A higher
Ohnesorge number means a greater influence of the viscosity, and this leads to
the conclusion that an increase of the inertial forces is necessary for breakup to
occur. From these two physical parameters (Weber and Ohnesorge numbers),
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semi-empirical correlations can be built to get the spreading angle of the spray,
liquid breakup length, average droplet diameter and number density for a given
spray. After further development and adjustment of these correlations, they
can be used for spray modeling by introducing some more parameters like
orifice geometry or discharge density.

The internal flow is highly responsible of the behavior of the spray and
breakup processes, nozzle geometry will be one of the main parameter that
controls the injection process. However, the physical properties included in
the dimensionless parameters described above also influence the spray and
breakup due to the interaction with the ambient gases. The disintegration
process of a spray and the breakup of droplets are influenced by numerous
parameters that will affect the development of the spray in different ways.

2.4.2 Disintegration process and droplet formation

Disintegration of the spray is a complex process in which all the characteristics
and parameters, either geometric or physical, will affect the whole development
at different scales. A spray comes from the injection of a fluid into a medium
(generally fluid as well), the disintegration is the result of the injection and is
controlled by the balance between two groups of forces: consolidating and dis-
ruptive. On one side, the consolidating forces, represented mainly by viscosity
and surface tension, will make the molecules of a droplet to remain together.
On the other side, the aerodynamic forces will make the droplet to vibrate
resulting in a separation or breakup of a large droplet into smaller ones. To
this group, the centrifugal forces and the initial turbulence could be added as
disruptive forces.

Disintegration regimes

As quickly introduced in the previous section, the disintegration process of a
spray can be classified in four different regimes [33,39]: The Rayleigh regime,
the first and second wind-induced regimes and finally the atomization regime
reached at high injection velocities. It is common to use the Weber number as
a specific parameter to classify the flow among these regimes; Table 2.1 gives
a summary of the characteristics of the four disintegration regimes:

The first regime, known as Rayleigh regime occurs at really low injection
speeds while the aerodynamic forces are considered insignificant. The breakup
during this regime appears due to axi-symmetric surface waves formed by the
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Table 2.1: General characteristics of the disintegration regimes (source [33]).
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interaction of primary disturbances in the liquid core and surface tension. The
period Λ of these disturbances could be an indicator of the breakup: When
Λ is small, the forces generated by the surface tension tend to damp out the
oscillations whereas they will increase when Λ gets higher, also due to surface
tension. The consequence is that these deformations will increase until the
liquid core breaks-up and will result in droplets with quite similar diameters.

When the velocity of the spray is higher, the period of the disturbances
Λ increases and makes the amplitude of the disturbances to get higher as
well. The aerodynamic forces are no longer negligible and this corresponds
to the first wind-induced breakup regime. The particularity of this regime is
that the droplets produced during breakup are of the same size as the spray
diameter and breakup generally occurs at a distance of several hole diameter
downstream from the exit.

At higher injection speeds, the aerodynamic forces are the main responsible
for surface waves of short wavelength (or period Λ) and their amplitude is
growing with the turbulences produced at the orifice exit. This regime, called
the second wind-induced breakup regime is as its name indicated, an extension
of the previous one and occurs closer but still at several hole diameter after the
exit. The breakup distance is function of the injection velocity and decreases
while injection speed increases. During this process, the aerodynamic forces
makes the perturbations of the liquid flow higher until breakup and produce
small droplets with a diameter of about the period of the surface waves.

The last step of disintegration is reached at high injection pressures, the
atomization regime is characterized by a breakup which occurs every time
closer to the nozzle exit. At its highest level, the disintegration can start
directly at the orifice exit due to the high velocity and turbulence of the flow
or other effects like cavitation or flash boiling generated in the orifice and also
right at the exit.

Because of the high injection pressures used in Diesel engines, the operative
conditions are generally leading to this disintegration regime, which has not
been fully explained due to the difficulty of the analysis in and close to the
orifice.

The aerodynamic instabilities are certainly the most important factor that
affects breakup in the atomization regime. The liquid core suffers from rela-
tively high frequency deformations leading to the separation of ligaments or
structure from the non-perturbed liquid flow. This reduction of size of the
liquid core makes it to get closer to the orifice exit while the disruptive forces,
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embodied by the turbulences, increase. Several studies can be found in the lit-
erature to predict the breakup process [40,41]; some, based on Taylor’s linear
analysis [42–44] work quite well at relatively low injection speeds, close to the
second wind-induced breakup regime. However, other important parameters
influence this phenomenon when the injected flow goes too fast and make the
analysis not exhaustive enough to get accurate predictions.

One of these parameters is the turbulence of the flow generated in the
orifice. The radial component of the flow velocity makes the liquid to be
extracted from the liquid core after exiting the conduct where the flow was
guided by the walls. This aspect of the turbulence inside the orifice has been
studied by Ruiz [45] and explains part of the atomization process but the
effect of the discharge density showed that it cannot be the only important
parameter.

The cavitation also influences disintegration of the spray and its effect can
be explained from two points of view: first, it could increase the turbulence,
which in its turn increases the atomization. Secondly, the cavitation generates
gas bubbles that can go all through the orifice to the exit making the flow
biphasic [21, 24, 25, 27, 32]. The discontinuities in the liquid flow make the
separation of the structures easier, due to a reduced action of the surface
tension, and thus the level of atomization is higher.

The last mechanism that can potentially atomizes the liquid core at the
exit is the modification of the velocity profiles at this location [8]. The fluid
friction along the orifice suddenly disappear, together with the viscous forces.
The consequence is an acceleration of the external layer of the liquid flow
producing instabilities and increasing turbulences. This has been explained
by Ruiz [45] who observed that a modification of the velocity profiles at the
exit increased the radial component and therefore make the atomization level
higher.

Under higher discharge temperature, the disintegration process is globally
accelerated due to several parameters such as decrease of the fluid-mechanic
property values (e.g. viscosity, surface tension or density) but also because of
immediate flash boiling atomization. It has been observed that the effect of
temperature on spray breakup process was higher at elevated value of injection
pressure due to the faster evaporation of smaller droplets [46].
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Formation of droplets

After the first process of the disintegration that breaks up the liquid core into
liquid structures, a second stage is the breakup of droplets into smaller round
ones. This secondary breakup occurs while droplets are traveling at relatively
high speed into the discharge volume thus suffering from deformation due to
gas density, in other terms aerodynamic forces. These smaller droplets favor
the evaporation rate as they are of smaller size and it is said that this secondary
breakup controls the mixing rate of the dilute spray in the evaporation zone
[47]. The droplet breakup process is generally influenced by several parameters,
like the first breakup is, which are:

� Droplet size.
� Droplet-gas relative velocity.
� Liquid and gas densities.
� Fluid viscosity.
� Surface tension.

Depending on the values of these parameters, their influence permits to
classify the disintegration of a droplet into five breakup regimes, widely related
to the Weber number also. The first regime is called deformation or flattering,
it is generally observed for Weber number below 12. Between 12 and 80, the
droplet is disintegrated according to the bag breakup process. At values of
𝑊𝑒 around 80, a boundary breakup process occurs, also called shear breakup,
the extremity of the bag created by the aerodynamic forces are disintegrated
into small droplets. For values from 80 to 800, the breakup is called stripping,
the droplet is broken into several smaller and this gives consequence to the
catastrophic breakup for values of We above 800. Table 2.2 provides a quick
summary of the different breakup regimes recompiled by Pilch and Erdman
[48]. The breakup of a droplet is a complex process as well that can be divided
into up to twelve steps [49], however, the simplification presented by Lee and
Reitz [50] is usually preferred and is composed by two stages only.

The first stage is a change in shape from an original round form to a thin
disk due to the action of the gas density on the front side of the droplet. The
second stage is a result of the aerodynamic forces as the droplet is deformed
and flattered; it brakes up depending on the conditions and according to the
different regimes described above. In Diesel sprays, the high injection pressures
lead to Weber number higher than 100 and even values above 800 are presently
reached with the last generation injection systems. In such conditions, the pro-
cess of breakup of droplets corresponds to stripping and catastrophic regimes.
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Table 2.2: Breakup regimes of a single droplet. Recompilation proposed by
Pilch and Erdman [48].
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During the stripping breakup process, the droplet is deformed and oscillates
because of strong aerodynamic forces, density gradient and surface tensions.
The growth of these oscillations makes the droplet to disintegrate into an
extensive system of liquid ligaments, protruding from the periphery. Numerous
small and round droplets are then formed at the end of these ligaments in the
near downstream whose sizes mainly depend on viscosity rather than surface
tension [51]. The next level of disintegration is the catastrophic breakup and
shares some similarities with the stripping breakup process. The frequency
of the oscillations increases on the droplet surface due to interaction with the
ambient and their amplitude is growing with the global deformation of the
droplet. This combination of deformations is responsible for shattering the
drop into a cloud of liquid fragments that further disintegrate into a mist of
small round droplets [52].

2.5 Characteristics of Diesel sprays

Diesel sprays have been a topic of great interest for the last forty years now.
On the other hand, the progresses made in technologies aiming to improve the
injection process to make the engines cleaner and/or more efficient also made
the spray more and more complicated to study. To perform a complete study
of the spray, a large amount of parameters are required. The macroscopic
parameters are no longer providing enough information and science of com-
bustion needs a deeper analysis of the spray or additional knowledge in the near
nozzle-field where the spray is denser. This section will present the different
parameters used to characterize the liquid and vaporized spray distinguishing
macroscopic and microscopic approaches.

First, from a macroscopic point of view, the information used to charac-
terize a spray are basically reduced to its geometrical characteristics. These
parameters are still widely used and present paramount information for engine
designers, either under evaporative conditions or not.

2.5.1 Spray tip penetration

The penetration of sprays versus time or crank angle is one of the most ob-
vious and used parameters to determine its characteristics. It is conceptually
defined as the distance between the orifice exit and the head of the spray. As
seen before, the spray is injected in the discharge chamber, in this case the
combustion chamber and will disintegrate and mix with the ambient gases. A
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quick estimation of the air/fuel mixing can be extracted from the penetration
before and after evaporation.

The fundamental parameters that affect the spray tip penetration are spray
momentum at the outlet and spreading angle as confirmed by the numerous
studies found in the literature [53, 54]. Spray momentum is commonly assim-
ilated as the force or energy of the spray delivered at the exit of the orifice
and is conserved along penetration. So the parameters that influence the flow
at the outlet automatically affect the penetration of the spray. The density of
the ambient gases is one of the most preponderant parameters as the spray has
to develop into the chamber. The theoretical spray tip penetration obeys the
following proportionality when the Buckingham 𝜋 theorem [55] is applied [56]:

𝑠(𝑡) = 𝑘𝑠 𝜌
−1/4
𝑔 �̇�−1/4

𝑜 𝑡1/2 tan−1/2

(︂
𝜃

2

)︂
, (2.24)

𝑘𝑠 is a constant that depends on spray internal distribution. Not included in
the momentum, some authors found that for 𝑘𝑠 = 1.29 [56], the penetration
was correctly estimated for a wide range of Diesel sprays. 𝜌𝑔 is the gas density,
�̇�𝑜 is the momentum flux of the spray, 𝑡 is the time since start of injection
(Time ASOI) and 𝜃 is the spreading angle of the spray.

This last expression showed its accuracy but a measure of the momentum
flux is required. Some correlations have been presented that include other
parameters to predict spray penetration like the one presented by Wakuri in
equation 2.25 [57].

𝑠(𝑡) =
(2 𝐶3

𝑑)1/4

𝑡𝑎𝑛1/2( 𝜃2)
𝜌−1/4
𝑔 ∆𝑝−1/4 𝐷1/2

𝑜 𝑡1/2 (2.25)

In this correlation, 𝐶𝑑 is the discharge coefficient defined earlier, ∆𝑝 is the
pressure difference between ambient gases and injected fluid, and 𝐷𝑜 is the
nominal orifice diameter.

Lately, a closer analysis showed that the penetration was affected by other
parameters in the near-nozzle field where the atomization is not complete
and has led to a 2 stages model [58]. More recently, Naber and Siebers [59]
found a similar behavior and built another correlation which takes into account
the characteristic parameters of the flow like velocity and area coefficients
(respectively 𝐶𝑣 and 𝐶𝑎, see sec. 3.3.3 for more information). The following
expression can therefore be extrapolated to a wide range of conditions:
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For 𝑡 < 𝑡𝑏:

𝑠(𝑡) = 𝐶𝑣

√︃
2 ∆𝑝

𝜌𝑓
𝑡 . (2.26)

and for 𝑡 ≥ 𝑡𝑏:

𝑠(𝑡) =
𝐶

1/2
𝑣 (2 𝐶𝑎)1/4

𝑎𝑠 𝑡𝑎𝑛1/2(
𝜃
2)

𝜌−1/4
𝑔 ∆𝑝−1/4 𝐷1/2

𝑜 𝑡1/2 . (2.27)

Here 𝑡𝑏 is the breakup time or the time when the spray is fully atomized and
is expressed as:

𝑡𝑏 =
(2 𝐶𝑎)1/2

𝐶𝑣 𝑎𝑠 𝑡𝑎𝑛1/2(
𝜃
2)

𝜌𝑓 𝐷𝑜

(𝜌𝑔 ∆𝑝)1/2
. (2.28)

Note the introduction of an arbitrary constant 𝑎𝑠 for the correlation proposed
by Naber and Siebers [59], they found that a value of 0.66 provided successful
penetration predictions.

A quick analysis of this correlation shows that within the breakup time,
the penetration is linear with the time and that neither 𝜌𝑔 nor 𝐷𝑜 affect the
development of the spray. However, when the spray is considered to be fully
atomized, the penetration becomes proportional to the square root of the time;
an increase of 𝜌𝑔 leads to a slower development, some more parameters like
those seen in the previous correlation presented also affect the spray penetra-
tion.

A different behavior in the first part of the spray tip penetration has been
observed by several researchers, nevertheless, the explanations differ slightly.
As said before, Hiroyasu and Arai [58] justified this by the fact that the spray
is not atomized yet and still has a cylindrical shape making its velocity con-
stant during the first instants. Naber and Siebers [59] argued that in the
first part, the penetration is more controlled by the injected fluid, although
later, the air/fuel mixing process dominates more. Some authors claimed that
this difference could come from the increase in the rate of injection in the first
instants, which would obviously affect momentum flux and thus spray penetra-
tion. This hypothesis has been partially discarded by Naber and Siebers [59] as
they experimentally compared rate of injection and penetration and concluded
that the transient was relatively short to justify such results.



50 Chapter 2. Injection Process In Diesel Engines

Under evaporative conditions, the injected fuel is vaporized after a certain
amount of time in the discharge chamber. This time, can also be expressed as a
penetration distance, called liquid length and is strongly affected by tempera-
ture. Some correlations have been reported in the literature and they generally
show the dependence of some other parameters like nozzle diameter, ambient
density or pressure drop. The following correlation, presented by Payri et.
al [60], provides values of liquid length valid for last generation Diesel sprays:

𝐿𝐿 = 𝑘𝐿𝐿 𝐷𝑎
𝑜 𝐶

𝑏
𝑎 𝜌

𝑐
𝑔 𝑇

𝑑
𝑔 ∆𝑝𝑒, (2.29)

where 𝑘𝐿𝐿 is a constant and 𝑇𝑔 the temperature of the ambient gases. This
correlation is versatile and can be adjusted to fit the experimental data by
changing the values of the coefficient 𝑎, 𝑏, 𝑐, 𝑑 and 𝑒. The authors proposed
different values for this correlation depending on the shape of the nozzle. The
exponents found for better fitting show a great influence of the temperature
and as an opposition to the penetration, the effect of the injection pressure (or
pressure drop) is almost negligible as reported by several authors [58–60].

For the complete spray under evaporative conditions, first liquid and then
gaseous, a reduction of the penetration has been observed and found to be
as high as 20 % for low discharge densities. This trend gets lower as the
discharge density increases and almost no difference are observed at high back
density for a certain time ASOI (After Start Of Injection). The comparison of
the evaporative and non-evaporative sprays carried out by Naber and Sieber
[59] showed that the difference was maximum where the spray is completely
vaporized. Garcia [61] observed similar behavior and their explanation is that
the injected fuel is cooling the ambient, thus increasing the density of the gas
mixture. The result of this higher density is a slower progression of the newly
injected fuel progressing in the chamber and therefore, the velocity of the spray
tip penetration is reduced.

2.5.2 Spreading angle of the spray

A really basic representation of the spray could be a cone and a semi-sphere
placed in the end in which the cone is considered to be the steady part and the
semi-sphere or spray head is generally considered to be more transient. The
spreading angle is then formed by the two lines of the edges of the cone and
is supposed to be constant when the spray is fully atomized. However, this
assumption is not valid during the first part of the spray penetration when
the breakup is not complete [62]. This is coherent with the behavior observed
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for spray tip penetration, the development of the spray is different within the
breakup time for both penetration and spreading angle.

Several expressions of the spreading angle can be found in the literature
based on either theoretical or experimental considerations [41,63,64]. A large
part shows the influence of both liquid and gas densities, which demonstrates
that the phenomenon is controlled by liquid-gas aerodynamic interactions.
Some authors observed an influence of the nozzle geometry as well [58, 59]
but the studies did not quantify this clearly. After all, a general expression
of the spreading angle can be built up that finally takes into account gas and
liquid densities and injection pressure:

𝑡𝑎𝑛

(︂
𝜃

2

)︂
= 𝑘𝑠𝑎

(︂
𝜌𝑔
𝜌𝑓

)︂𝑎

𝑝𝑏𝑖 , (2.30)

where 𝑎 and 𝑏 are exponents that have to be found through previous experi-
ments and correlations. The measure of the spreading angle is not as trivial
as the penetration could be and care must be taken. Its determination can
be affected by numerous parameters such as: the visualization technique used,
the intensity and homogeneity of light, the fluctuation of the spray pattern,
etc. Another parameter might be of importance also for experimental mea-
surement: the criterion chosen to perform the boundary determination on the
images [65]. These factors obviously influence the accuracy of the measured
spreading angle and they make the experiment difficult to compare between
one test rig and another and thus from different sources.

Under high temperature conditions, the spreading angle of the liquid spray
tends to be narrower [66]. However, only a few experimental studies have been
performed to quantify this tendency and almost no work have been reported
which intended to evaluate the angle of the spray of the vapor-phase.

By getting closer to the spray, some more information can be obtained. The
microscopic parameters used to determine the spray are not as easy to analyze
as the macroscopic ones. Nevertheless, the support of modeling has been a
great help and this explains why the theoretical approaches are numerous and
lead to different results.

2.5.3 Droplet size distribution and prediction

The size of the droplets provides good indication on the quality of the atom-
ization process. In the meantime, under evaporative conditions, the size of the
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droplets decreases until complete evaporation somewhere around the liquid
length location. Due to the spontaneous or catastrophic behavior of the at-
omization process in Diesel sprays, this mechanism leads to droplets of a large
range of diameters. This aspect commonly called polydispersity means that
the spray is composed by a droplet size distribution either simple or complex.
The droplet size distribution is often represented by a histogram and when this
distribution is known it is then possible to plot the Probability Density Func-
tion (PDF) for a sample or for the entire spray. In such a case (see fig. 2.13),
each bin of the histogram represents the fraction of the total droplet number
within the diameter range covered by the bin. Note that the total number
of droplets can be plotted instead of the fraction as it provides an indication
of the quality of the experimental data, a low droplets number means poor
accuracy.

Figure 2.13: Representation of the Probability Density Function (PDF) or
droplet size distribution as an histogram.

The distribution of the droplet size in a spray has been studied and several
empirical expressions have been developed to match experimental data. The
most used regarding Diesel sprays is the log-normal shaped and therefore, the
probability for every droplet to have a diameter value (𝑑) is given by:

𝑃 (𝑑) =
1

𝑘𝑃𝐷𝐹1

√
2 𝜋 𝑑

exp

(︂
−(ln(𝑑) − 𝑘𝑃𝐷𝐹2)

2

2 𝑘2𝑃𝐷𝐹1

)︂
, (2.31)

where 𝑘𝑃𝐷𝐹1 and 𝑘𝑃𝐷𝐹2 are the shape and scale parameters respectively. The
distribution of droplet size requires a lot of hypotheses and does not provide
crucial information except regarding spray non-uniformity.
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Nonetheless, one solution to characterize the quality of the atomization is
to get the value of mean diameters of the complete droplet distribution. This
average droplet size is actually really important as it provides information
concerning the upcoming evaporation process. According to Mugele and Evans
[67] who initially developed different notations for mean diameters, droplet
size can be classified in four different categories depending on which aspect
the application is focused on (see tab. 2.3).

Table 2.3: The different notations to express mean diameters according to
Mugele and Evans [67].

Table 2.3 provides the different notations of mean diameters together with
their method of calculation. The most simple one is called the geometrical
mean diameter 𝑑10 (said "d one - zero"), also called arithmetic mean diameter
(noted 𝑑). The surface area mean diameter, 𝑑20, the volume mean diameter,
𝑑30 and , finally the volume surface mean diameter, commonly called Sauter
Mean Diameter (SMD) also noted 𝑑32.

Hiroyasu engaged a campaign to extensively study the size of the droplets
in the spray under non-evaporative conditions [58, 68]. His work provided
an expression of the Sauter Mean Diameter valid for a location in the far-
field where the disintegration process is considered to be complete (65 mm
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downstream) such as [68]:

𝑆𝑀𝐷

𝐷
= 𝑘𝑆𝑀𝐷 𝑅𝑒0.75𝑑 𝑊𝑒−0.32

𝑑

(︂
𝜇𝑓
𝜇𝑔

)︂0.37 (︂𝜌𝑓
𝜌𝑔

)︂0.47

with 𝑘𝑆𝑀𝐷 = 0.38.

(2.32)

In this equation, 𝐷 is the nominal orifice diameter, 𝑅𝑒𝑑 and 𝑊𝑒𝑑 are the
Reynolds and the Weber number of the droplets in the flow, respectively. 𝜇𝑓
and 𝜇𝑔 are the fuel and gas dynamic viscosities in this order and the densities
are noted 𝜌𝑓 for the fuel and 𝜌𝑔 for the ambient gases. Some authors found
that for short injection times (1 ms), this expression was not suitable to predict
SMD [69]. In a specific study to relate the first expression with the injection
time [58], Hiroyasu found another formula to predict droplet diameter. In
the following expression, he introduced the mass injected up to that specific
instant of droplet size calculation (𝑚𝑞):

𝑆𝑀𝐷 = 𝑘𝑆𝑀𝐷 ∆𝑝−0.135 𝜌0.121𝑔 𝑚0.131
𝑞 , (2.33)

∆𝑝 being the difference between injection and discharge pressures. This equa-
tion might be easier to apply but still requires the rate of injection to expect
accurate results. Other correlations are found throughout the literature [70,71]
and they generally used the same parameters such as orifice diameter, injection
pressure, gas density, etc.

Care must be taken with these correlations because large variations are ob-
tained on the predictions, certainly due to the weak amount of experimental
data used to build the correlation. It is then hazardous to extend an ex-
pression to other nozzle shapes or diameters, injected fuels; they maybe used
only as a starting point and adjusted to fit well the experimental data under
consideration.

2.5.4 Velocity and concentration profiles

In sprays injected in gasoline or Diesel engines, the fuel concentration is one
of the most important and studied parameters as it drives mixing with ambi-
ent gases and therefore combustion. This aspect provides important informa-
tion concerning the mixing process and local fuel mass fraction. The velocity
is often related to concentration as it has been observed and concluded by
Abramovich that, in a gaseous jet, velocity and concentration have similar
distribution profiles in any axial cross-section [3]. For liquid fuel sprays, some
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works reported the use of a diffusivity parameter to relate velocity and concen-
tration profile in the fully atomized region [4,72]. This dimensionless parame-
ter, called the Schmidt number (𝑆𝑐), represents the ratio of spray momentum
diffusivity and mass diffusivity of the injected fluid such as:

𝑆𝑐 =
𝜈𝑓
𝜅𝐷

, (2.34)

where 𝜈𝑓 is the kinematic viscosity of the fluid such that: 𝜇𝑓 = 𝜇𝑓/𝜌𝑓 , which
refers to the momentum diffusivity and, the mass diffusivity coefficient 𝜅𝐷
theoretically solved thanks to the Flick’s laws of diffusion. This coefficient
is proportional to the molecular diffusivity in a medium and mainly depends
on kinetic energy, droplet diameter and viscosity of the medium. This means
that temperature and pressure of both the liquid and the gases affect the mass
diffusivity coefficient and thus the Schmidt number.

Due to the chaotic behavior of the atomization process, air entrainment is
fundamentally different according to the location in the spray, and so is the
fuel concentration. In a certain section of the spray, a relation can be estab-
lished between velocity and concentration; Spalding proposed the following
expression for a gaseous jet, including the Schmidt number [4]:

𝑌𝑓
𝑌𝑓,𝑎𝑥𝑖𝑠

=

(︂
𝑢𝑗𝑒𝑡

𝑢𝑗𝑒𝑡,𝑎𝑥𝑖𝑠

)︂𝑆𝑐

. (2.35)

𝑌𝑓 and 𝑢𝑗𝑒𝑡 are respectively fuel concentration and jet velocity at a specific
location, they are given with respect to the values found on the axis (𝑌𝑓,𝑎𝑥𝑖𝑠
and 𝑢𝑗𝑒𝑡,𝑎𝑥𝑖𝑠), the fuel mass fraction 𝑌𝑓 is defined as:

𝑌𝑓 =
𝑚𝑓

𝑚𝑔 +𝑚𝑓
. (2.36)

𝑚𝑓 and 𝑚𝑔 are the masses of fuel and gas in a control volume respectively.
Equation 2.35 could be a starting point for application regarding Diesel sprays,
it is generally assumed that both velocity and concentration profiles of a liq-
uid spray are Gaussian-shaped also. Nonetheless, the spreading angle for a
given nozzle geometry, strongly depends on discharge density while it is not
affected for a gaseous jet [3]. Correas [73] adjusted the mathematical expres-
sions proposed by Hinze [74] to determine the profiles of both velocity and
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concentration for a liquid spray:

𝑌𝑓
𝑌𝑓,𝑎𝑥𝑖𝑠

= exp

(︂
−𝑆𝑐 𝐶𝑅1

(︁ 𝑟
𝑅

)︁2)︂
and

𝑢𝑗𝑒𝑡
𝑢𝑗𝑒𝑡,𝑎𝑥𝑖𝑠

= exp

(︂
−𝐶𝑅1

(︁ 𝑟
𝑅

)︁2)︂
,

(2.37)

where 𝐶𝑅1 is a coefficient that defines the percentage of the velocity or concen-
tration on-axis in order to define the angle of the spray. It basically represents
the shape of the Gaussian profile and good agreement with isothermal liquid
sprays have been found for 𝐶𝑅1 = 4.6 [73]. The ratio 𝑟/𝑅 is the normalized
radial position from the axis to the boundary of the spray where the value
of the ratio is 1. Note that the nomenclature is not modified for consistency,
as these expressions are based on gas-jet mixing, the term "jet" also refers to
liquid sprays. For vaporized jets, the most commonly used definition has been
proposed by Abramovich [3] and is described in equation 2.38.

�̄�𝑓

�̄�𝑓,𝑐
=
(︀
1 − 𝜉𝐶𝑅2

)︀2
, (2.38)

where �̄�𝑓 is the turbulent mean volume fraction, the subscript 𝑎𝑥𝑖𝑠 denotes
that the value is on the centerline of the jet. 𝜉 = 𝑟/𝑅 is the relative radial
position where 𝑟 is the actual position and 𝑅 half the jet width such as: 𝑅 =
𝑥 tan (𝜃/2) with 𝜃 the full spreading angle of the spray and 𝑥 the axial distance
from the orifice exit. The exponent 𝐶𝑅2 is the radial profile coefficient giving
the distribution its shape resembling a Gaussian-error function. Note that the
definition and utilization of this coefficient is different to that of parameter 𝐶𝑅1

defined by Correas [73], care must be taken when using such radial distribution
coefficients.

The momentum flux is necessary to calculate velocity and concentration
wherever in the spray, the conservation of momentum makes the following
expression valid in the whole section of a gas-jet or Diesel spray [75]:

�̇�𝑜 = �̇�(𝑥) =

∫︁ 𝑅

0
2 𝜋 𝜌𝑙𝑜𝑐(𝑥, 𝑟) 𝑟 𝑢

2(𝑥, 𝑟) 𝑑𝑟 . (2.39)

Here 𝑢(𝑥, 𝑟) is the axial velocity at this specific location and 𝜌𝑙𝑜𝑐(𝑥, 𝑟) the
two-dimensional local density in the spray expressed as [76]:

𝜌𝑙𝑜𝑐(𝑥, 𝑟) = 𝜌𝑓
1

𝑌𝑓 (𝑥, 𝑟)
(︁

1 − 𝜌𝑓
𝜌𝑔

)︁
+

𝜌𝑓
𝜌𝑔

. (2.40)
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After rearrangement of the equations presented before, the momentum at any
axial distance from the outlet of the injector can be expressed as [75]:

�̇�(𝑥) =
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2
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.

(2.41)

In this equation, 𝜃 is the spreading angle of the spray. After simplification, the
velocity on the centerline can be calculated, assuming that the local density is
that of the ambient, the following expression is obtained:

𝑢𝑗𝑒𝑡,𝑎𝑥𝑖𝑠 =
𝑀1/2
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1/2
𝑔
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)︁1/2
𝑥 𝑡𝑎𝑛

(︀
𝜃
2

)︀ . (2.42)

It has been observed that this last expression is valid in the far-field, several
diameters downstream from the orifice exit (around 30 𝐷𝑜), where the predic-
tions showed good agreement with the experimental data (error has been re-
ported to be lower than 3 %) [76]. This last expression allows to calculate the
velocity at any location in the spray by assuming a radial distribution profile,
and if the Schmidt number is known, the concentration can be deduced.

2.6 Conclusions

The thousands of droplets composing a direct-injection Diesel spray represent
the state-of-the-art in terms of spray generation. The march of technological
progress realized in the last decades aiming at making the sprays better pro-
duced the last generation injection systems widely mounted in present Diesel
engines: the common-rail. The system is electronically controlled, allowing
to vary not only the time of the injection but also to split the injection in
several smaller quantities like pilot, main and post injections. These systems
are also capable of injecting sprays up to 200 MPa injection pressure, thus
intensifying the disintegration process of the liquid flow in order to improve
fuel vaporization and mixing with the ambient gases.

The very end of the injection system or the element seen from the com-
bustion chamber is the nozzle. The nozzle geometry, more specifically the
orifices determine the flow inside the nozzle and therefore the behavior of the
flow at the outlet, entering the combustion chamber. The main parameter of
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an injection nozzle is the discharge coefficient, which is dependent upon the
internal feature of the orifice such as: Length - diameter ratio, convergence
of the orifice (k–factor) and entrance radius. The phenomenon of cavitation,
which reduces the discharge coefficient of the injection system may occur un-
der certain conditions but can be controlled or canceled thanks to appropriate
internal design of the nozzle’s orifices.

The conditions of the flow at the outlet, velocity, turbulence, cavitation,
etc. determine the behavior of spray development. When penetrating in the
discharge chamber, the liquid flow injected at high velocity encounters the
ambient gases that are comparatively still. Due to aerodynamic forces princi-
pally, the liquid core disintegrates into liquid structures during the first break
up process and into small and round droplets with the second break up. De-
pending on the temperature of the ambient gases, the spray may experience
vaporization. In this case, the spray penetrates in the chamber like a gas-jet
after a constant distance (liquid length) in which the spray is still liquid. The
characteristics of the spray depends mainly on the density of the ambient gases
but also on spreading angle and momentum flux of the spray itself.

Thanks to extensive research in the field of sprays, several correlations are
available to predict spray penetration, droplet velocity and diameter or also
fuel concentration. Because of the nature of these models, generally based on
the gas-jet theory and further adjusted empirically, tuning of the parameters
has to be done to adjust the model to the particular experimental conditions.
The vast knowledge on gas-jet and the hypothesis that liquid penetrating
sprays may present similar behavior, the velocity and concentration profiles
can be assumed to be of a Gaussian-like profile as stated by a large number of
works.
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3.1 Introduction

All the knowledge regarding sprays is the result of years of investigation. This
experience is the fruit of extensive developments in experimental techniques
aiming at analyzing and discovering the complex processes of injection and
spray disintegration. There is a large amount of methods to study injected
sprays nowadays; depending on which aspect of the process is under investiga-
tion, one or maybe several techniques will be available. The internal flow, near
nozzle-field, spray breakup, droplet size and number density etc. are among
the studied topics in this field and each of them might require a different exper-
imental installation. All these efforts lead to one general purpose: improving
the general knowledge to make engines better. Engine manufacturers know
that the process of injection is basically controlling the next coming combus-
tion process and to improve engine efficiency or reducing contamination, this
first stage must be controlled.

The characterization of sprays can actually be divided into two purposes
or steps: since the beginning, experimental techniques have been developed in
order to test and improve sprays, mainly those injected to produce combustion.
Their goal is to obtain the complete spray properties to evaluate the effects of
modifying the different parameters of the injection process. Over the years, this
capacity has been given to research as well in order to understand the physics
of spray formation and disintegration through experimental and theoretical
analysis. The complex fluid dynamical processes involved in spray development
require intensive and devoted studies to be related to physical phenomena due
to its inherent turbulent behavior.

Sprays have been studied during the past years using numerous techniques.
Photographic, mechanical and electrical were applied at the beginning but
due to their non-intrusive nature, laser diagnostics have been extensively de-
veloped and are now widely applied for spray characterization. Since their
apparition, 30 years ago, laser techniques have been highly developed and im-
proved, through optical sensors sensitivity, computer performance and software
development. With the new technologies, laser techniques have also been intro-
duced and with the time they improved the science of making measurements in
sprays. As injection systems are getting better everyday, the diagnostics have
to follow the trend, and smaller droplets at higher velocity is a continuous
challenge for experimental techniques developers.

The methods applied in this work to experimentally evaluate the different
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aspects of sprays described in the previous chapter are presented here. The
injection system used all along this study to generate the sprays is presented
first. The characterization of the internal flow will be introduced next through
orifice geometry determination, the rate of injection and momentum flux of the
spray will also be addressed here as they represent parameters of the internal
flow more than anything else. Thirdly, the regular visualization methods used
to characterize the spray macroscopically will be presented, the liquid and va-
por phases can be seen thanks to these techniques. The laser-based diagnostics
will be the object of the following section as they present a large part of this
study in terms of setup and calibration. Finally, an overview of some other
available methods will be done; these techniques are still under development
and they present another approach in terms of spray characterization.

3.2 Injection system

The system used to deliver high-pressure fuel to the injector is a normal auto-
motive production series common rail system adapted to laboratory use and
featuring temperature control. This is necessary on one side because it is
obviously better to have all the variables under control when conducting an
experiment and on the other side because the fuel consumption is very low and
thus there is a higher proportion of fuel returning to the main tank, causing a
gradual temperature rise up to 100ºC and more if no fuel cooling system was
employed. All elements involved in the injection system can be identified in
figure 3.1. The high pressure pump is driven by an electric motor at constant
speed, which can also be adjusted.

The injector used in this study has been purposely designed by Bosch (see
technical drawing on fig. 3.2), it is based on second generation Common-Rail
systems. The needle is indirectly moved by a solenoid coil and the injector is
equipped with a single-hole nozzle of diameter 0.09 mm coaxially positioned
with the injector’s body. The orifice internal geometry is of conical shape with
k–factor of 1.5, hydro-erosion has been performed to reach the desired mass
flow rate and thus reducing cavitation (this has been described in sec. 2.3.4).
The signals required to initiate the needle opening and held it in this position
are provided by a Genotec pulse generator, which can handle up to nine in-
jections per cycle. A frequency generator is used to trigger both the Genotec
and all the equipment and acquisition system.

In order to perform all the tests under the same conditions, in addition to
that of the fuel, the temperature of the body of the injector has been controlled
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Figure 3.1: Global schematic of the injection system together with the injector
temperature control apparatus.

Figure 3.2: Picture of the injector and technical drawing of the tip of the
single-hole nozzle used in the experiments (source Bosch).
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and held at a constant 70ºC (343 K). The injector has been placed in a specific
liquid-cooled holder in which temperature controlled water flows; the system
sets and holds the injector temperature via a Proportional-Integral-Derivative
controller (PID) by heating or cooling the injector’s body depending on the
testing condition.

As an objective of being consistent within all the different installations
used along this work, a pure alkane has been injected; high purity n-dodecane
(C12H26) has been chosen to be the reference fuel in this study. Table 3.1
presents the main properties of the n-dodecane fuel used in this study.

Table 3.1: General fluid characteristics of n-dodecane.

3.3 Internal geometry and flow characterization

Knowing the geometrical characteristics of the inner part of an injector’s noz-
zle, in other terms the orifice, is really important to characterize the spray. As
described in the previous chapter, the internal flow has to be evaluated sepa-
rately as the fluid dynamic processes are really different from what occurs after
the orifice exit. Nevertheless, studying the internal flow is still under investi-
gation as the orifice is relatively small and the velocity of the flow relatively
high and represents a challenge for any kind of measurement technique.

From a rational point of view, the best way to analyze the internal flow
would be to look into it; several researchers investigated the aspect of cavitation
through visualization methods [1,2]. These works used nozzles or only orifices
manufactured in transparent materials, the refractive index of the fluid has
also been adjusted to perfectly match that of the material used [3,4]. Walther



70 Chapter 3. Experimental techniques applied in this study

et al. [5] carried out some tests aiming at measuring the velocity of the flow
inside a Diesel nozzle injector using Fluorescent Particle Image Velocimetry
(FPIV). But the low injection pressures involved by the material used do not
make complete comparison possible with real injectors as the velocity and thus
Reynolds number will not be the same. To overcome this problem and study
similar operative conditions, some works have been done with scaled orifices
[6–9]. Nevertheless, some used real sized transparent orifice [3, 10–15], but
the cost of the experiment is obviously really different. From an experimental
point of view, the use of scaled orifices that reproduces the actual internal
geometries makes the flow visualization technically easier. Nevertheless, as
pointed out by some authors [3, 10], the results obtained with such orifices
cannot be completely generalized to real scale orifices.

An alternative is available to characterize the internal flow by studying it
right at the exit of the orifice as both the injector and the conditions can be
reproduced. This does not evaluate precisely where the cavitation is or what
the velocity profiles look like, however it gives precious information like rate of
injection or momentum flux of the spray. By combining both measurements,
several additional parameters can be deduced that determine qualitatively the
injected spray [16–20]. The aim of this work being to analyze fully developed
sprays, no extensive information about the internal flow is required and an
hydraulic characterization is more than enough. For that, the geometrical
shape of the orifice will be determine through silicone molds and the flow will
be characterize at the outlet thanks to rate of injection and spray momentum
measurements.

3.3.1 Internal geometry determination

The manufacturing process of a nozzle require high precision devices and is
completed after several stages. First, after mechanization of the core of the
nozzle, the needle room is drilled and adjusted for the needle to sit perfectly.
Then, the orifice is mechanized through mechanical drilling, electrical eroding
or more recently laser "drilling". Finally, the orifice is submitted to hydro-
erosion whose main objective is to reach the desired flow; in multi-hole nozzles,
the flow between orifices is equaled. During the drilling of the orifice, some
imperfections are left behind that would affect the flow and potentially engine
performances. This process considerably increase the discharge coefficient of
the orifice as the flow restriction goes down while the edges and imperfections
are smoothed by the abrasive fluid flowing through. The hydro-erosion is
stopped when the mass flow rate, for a specific pressure drop condition (gener-
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ally 𝑝𝑖𝑛𝑗 = 10 MPa and 𝑝𝑏 = 0.1 MPa), reaches the target value, which mainly
depends on engine specifications. [21,22].

Nozzle manufacturers would have a hard time trying to control all the
internal geometric parameters of the orifice during and after the manufacturing
process. Nonetheless, as described before, the geometry has a huge effect on
the flow at the outlet and all the disintegration process from the liquid core to
thousands of droplets. That is why the silicone mold technology has been used
to determine the internal geometry of the nozzle of the different injectors [23].
This technology uses the ability of the silicone to be fluid at first and then to be
an elastic deformable solid. The silicone is introduced in the nozzle, previously
taken apart from the injector’s body, the needle is removed and after some
time, the silicone is carefully taken out from the nozzle. The samples are then
coated with a thin layer of gold (about 0.01 µm thick) as the Scanning Electron
Microscope (SEM) visualization method requires electrical conductivity of the
material.

The mold of the nozzle is photographed from a large amount of points of
view and zooming levels like shown in figures 3.3 and 3.4 to get the specificities
of the complex geometry. At the bottom left hand corner of the images, a scale
is displayed that allows to measure the geometrical parameters by using a CAD
software accurately.

Figure 3.3: Images of the silicone molds extracted from multi-holes (a) and
single-hole (b) nozzles obtained through SEM measurements.

The geometrical characteristics measured from the molds are numerous and
give necessary information to understand how the flow behaves in the orifice
but also at the exit, thus influencing spray development.
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Figure 3.4: Imaging of some geometrical parameters: (a) Entrance radius
and inlet diameter, (b) half-distance diameter, (c) outlet diameter and (d)
global view.

Characteristic parameters measured

The different points of view imaged through SEM allow getting geometrical
parameters that can depend slightly from one to another. The measured geo-
metrical features can be seen on figure 3.4. The geometrical parameters defined
previously in 2.3.1 are detailed in the following nomenclature:

� 𝜓: Orifice angle. Angle formed by nozzle and orifice axes. 𝜓 = 0 for
single-hole axi-symmetrical nozzles.

� 𝑟𝑒: Curvature radius between the orifice and the mini-Sac.
� 𝐷𝑖: Inlet diameter of the orifice.
� 𝐷𝑚: Diameter in the middle section of the orifice.
� 𝐷𝑜: Outlet diameter of the orifice.
� 𝐷𝑖′ , 𝐷𝑚′ , 𝐷𝑜′ : Same conceptual parameters but measured at 90º.

As the orifices are visualized from two different perspectives and therefore
some differences can be observed on the geometrical parameters of interest,
an equivalent value is taken to get a general characterization of the nozzle.
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In that way, the diameters at the entrance, middle and outlet of the orifices
are the geometric means of both values previously defined. The value of the
diameter being different depending on the point of view, this gives the orifice
an elliptic shape. Even if this has been observed through other experimental
methods, as its origin has not been fully explained yet, no studies mentioned
this clearly.

The conicity of the orifice can be defined by two parameters thanks to the
measurements: The k–factor [24] is the most commonly used parameter by
injectors manufacturers, it has been defined in the previous chapter (eq. 2.1).
The other parameter used to define the conicity is the area reduction, which
makes the relation between the areas instead of the diameters as follows:

𝐴𝑅 =
𝐴𝑖 −𝐴𝑜

𝐴𝑖
, (3.1)

𝐴𝑖 and 𝐴𝑜 being the cross sections of the entrance and outlet areas respectively.
This definition presents the advantage of giving a relative idea of the reduction
and thus the velocity variations can be directly related.

Technique validation

The methodology of both silicone molding and image processing has been
validated in two ways. First, the precision of the process has been evaluated
by comparing the results of two molds of the same nozzle made. This study
showed an error as low as 2 % on the diameters and about 8 % on the curvature
radius. A higher value of the error on the curvature radius can be explained
by the difficulty to estimate this radius with the CAD software.

The second important aspect studied was the accuracy of the technique by
comparison of the mold of an orifice and the original orifice itself visualized
by SEM. The error found on several orifices oscillated between 0.5 % and 1 %
making this method one of the most accurate for this kind of measurements
[23,25]. As this value has been found to be lower than the error of the precision
of the manufacturing, it can be assumed that the deviation from original orifice
shape to silicone mold is negligible.

3.3.2 Rate of injection measurements

The rate of injection (commonly ROI) is certainly the most used parameter
to characterize the flow at the outlet of the orifice. The equipment used in
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this study to determine this characteristic is based on the long tube method
or Bosch method [26]. Within the techniques available to determine the in-
stantaneous mass flow rate, this method is known to be the most exhaustive
as it provides a time-resolved signal of the injected flow [27].

Figure 3.5 is a sketch of the flow rate meter used in this experiment. The
tip of the injector is placed in the chamber designed for it to fill the entire rate
meter with the fluid to inject. A mechanical valve holds the discharge pressure
to the target value to simulate the pressure in the combustion chamber of a
real engine for example.

Figure 3.5: Flow rate meter using the Bosch or long tube method [26].

When the injection begins, the needle moves up and the fluid contained in
the injector starts flowing toward the exit thanks to the pressure difference.
This produces a pressure wave that travels at the speed of sound in the medium
(the fuel) in the long tube till a small tank. The pressure variation is recorded
by a high-speed piezoelectric transducer placed close to the injector tip, in the
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injection chamber.

At the end of the long tube, a wave pressure will be generated by the
section change and will be traveling in the opposite direction. This second
wave of pressure can potentially disturb the measurements, that is why the
tube is long enough to avoid any reflection to interact with the injection signal.
In the same time, with the length of the tube and the final tank, the signal is
attenuated in order not to affect the original signal.

The experimental conditions, like injection pressure, injected fluid, nozzle
geometry and many more are the main responsible for the signal amplitude. A
valve can be user-controlled to change the section at the end of the long tube
and can then damp the secondary pressure waves depending on the testing
conditions.

Theoretical point of view

The signal recorded by the piezoelectric transducer in this kind of measurement
device is the pressure wave generated by the injection itself, which travels
downstream in the injection chamber. Through processing of this signal, it is
possible to obtain the instantaneous mass flow rate of the injection.

This process begins with a theoretical study of the propagation of a pres-
sure wave in a pipe with constant section. The wave travels at a velocity
corresponding to the speed of sound 𝑣𝑐 and induce a punctual variation of
both the velocity of the flow ∆𝑢 and the pressure ∆𝑝. The pressure difference
is then measured by the high-speed pressure transducer.

Considering the volume of the injection chamber as a cylinder with section
𝐴𝑐 and length 𝑑𝑥, where the pressure wave is traveling. Assuming that the
gravity effects are negligible in this case, the only forces are those induced
by the pressure difference. Then, applying the law of the conservation of the
linear momentum in the direction of the pipe, the next expression is obtained:

(𝑝𝑏 + ∆𝑝) 𝐴𝑐 − 𝑝 𝐴𝑐 = 𝜌𝑓 𝐴𝑐 𝑣𝑐 ∆𝑢, (3.2)

where 𝑝𝑏 is the discharge pressure of the injection chamber or pressure in the
tube and 𝜌𝑓 the fluid density. By simplification of this expression, the pressure
drop can be extracted:

∆𝑝 = 𝜌𝑓 𝑣𝑐 ∆𝑢 . (3.3)
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At the same time, the variation of the mass flow rate �̇� induced by the pressure
wave can be expressed as:

�̇� = 𝜌𝑓 𝐴𝑐 ∆𝑢 . (3.4)

From the two last equations, the variation of the mass flow rate is finally
obtained as a function of the pressure variation recorded by the sensor:

�̇� =
𝐴𝑐

𝑣𝑐
∆𝑝 . (3.5)

If the section 𝐴𝑐 of the long tube of the rate meter and the speed of sound
𝑣𝑐 in the fluid under the experimental conditions are known, the mass flow
rate can be determined. Nevertheless, the speed of sound in the fluid depends
upon pressure and temperature and must be measured or calculated to get an
accurate value of the mass flow rate. In this work, the speed of sound has
been measured at different conditions until 200 MPa from 293 K up to 353
K applying the experimental technique described by Payri et al. [28]. The
fluid temperature in the rate meter 𝑇𝑓 is measured by a sensor placed in the
injection chamber and the pressure of the fluid 𝑝𝑏 is measured in the rate meter
by a piezo-resistive transducer.

Calibration and corrections

Once the pressure signal has been acquired, in the aim of getting a more
accurate instantaneous mass flow rate, it is adjusted in such a way that its
integral corresponds to the injected mass of one single injection. This injected
mass per cycle is obtained by measuring the injected mass along time; the
mass flow rate is then obtained and as the frequency of the injection is known
(normally set to 10𝐻𝑧), the injected mass per stroke is calculated.

It has been observed that the signal suffers from an accumulation phe-
nomenon coming from an increase of the pressure in the rate meter due to
the injection. Assuming that this accumulation is proportional to the signal
recorded, i.e. the pressure or injected mass, and considering that the accumu-
lation behaves like a first order system, it is possible to correct the mass flow
rate. The algorithm uses the final part of the signal, after the end of injection
to do the correction [29]. A study showed that this phenomenon must be cor-
rected as the signals would be incoherent instead [29]. Figure 3.6 shows the
original signal recorded by the pressure transducer but given as mass flow rate
and the corrected signal.
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Figure 3.6: Original and corrected signals of the rate of injection measured
by the Bosch method. (𝑝𝑖𝑛𝑗 = 150 MPa, 𝑝𝑏 = 6 MPa).

3.3.3 Spray momentum flux

The measure of the momentum flux is of primary interest as it provides basic
information of the spray and its development when the measure is merged
together with the rate of injection. It is defined as the product of the mass
and the velocity at one specific instant. In the application of sprays, the
concept would be the product of the mass flow rate and the mean velocity of
the spray. The flow at the exit of the orifice is generally not continuous and
both density and velocity could be irregular. Figure 3.7 represents the flow at
the outlet of the orifice of an injection’s nozzle under cavitating conditions.

Figure 3.7: Sectional representation of the flow at the outlet of a cavitating
orifice.

In this specific case and considering the axial component only, the following
expression of the momentum flux through the geometrical area of the orifice
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is obtained:

�̇� =

∫︁
𝐴𝑜 𝜌𝑒𝑞 𝑢

2
𝑥 𝑑𝐴 . (3.6)

The geometrical area is defined as 𝐴𝑜, 𝑢𝑥 is the axial component of the flow
velocity and 𝜌𝑒𝑞 is the density profile which corresponds to the fuel density
except if cavitation appears.

Information provided by the measurements

As introduced briefly before, the spray momentum flux has to be treated with
the mass flow rate, which is defined as follows for the particular case of the
orifice of an injector’s nozzle (see fig. 3.7):

�̇� =

∫︁
𝐴𝑜 𝜌𝑒𝑞 𝑢𝑥 𝑑𝐴 . (3.7)

The mass flow rate �̇� gives important information concerning the energy de-
livered to the engine through injected mass of fuel. The velocity of the flow at
the outlet 𝑢𝑓 , for example, could be expressed as follows [30–32]:

𝑢𝑓 =
�̇�

𝜌𝑓 𝐴𝑜
, (3.8)

where 𝜌𝑓 is the fuel density. It is obvious that in this formulation, the density
and velocity of the flow at the exit are considered as uniform. If these con-
ditions are not fulfilled, when the flow is cavitating for example, the error on
the measure could be important [16, 17]. One more drawback of this calculus
is that the outlet area is required and a little variation on the orifice diameter
engender a large error on the final result [23].

From the spray momentum and mass flow rate measurement, two impor-
tant parameters can be determined: the effective velocity of the spray and the
effective area of the outlet of the orifice [18,33,34].

The real flow at the orifice exit is then determined by the velocity profile
and fuel density (fig. 3.8). By application of the effective area and velocity on
the spray momentum and rate of injection, the integral equations become:

�̇� = 𝐴𝑒𝑓𝑓 𝜌𝑓 𝑢𝑒𝑓𝑓 and �̇� = 𝐴𝑒𝑓𝑓 𝜌𝑓 𝑢
2
𝑒𝑓𝑓 . (3.9)
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Figure 3.8: Definition of the effective velocity and area (b) from the actual
flow (a) at the outlet of an orifice.

Rearranging these equations, the effective velocity and area can be extracted,
and are expressed as follows:

𝑢𝑒𝑓𝑓 =
�̇�

�̇�
and 𝐴𝑒𝑓𝑓 =

�̇�2

𝜌𝑓 �̇�
. (3.10)

If the orifice is considered circular, the effective diameter can then be calcu-
lated:

𝐷𝑒𝑓𝑓 =

√︂
4 𝐴𝑒𝑓𝑓

𝜋
. (3.11)

The difference between geometric area and effective area are generally due
to losses caused by the non-uniformity of the velocity profile, a cavitating
behavior of the flow or an hydraulic flip of the flow. In the expression of the
effective velocity, the geometric area is not required, avoiding any kind of error
induced by its measurement.

Several dimensionless parameters can be defined from these last expres-
sions: the velocity, area and discharge coefficients [25].

� Velocity coefficient. It represents the relation between effective veloc-
ity and theoretical one obtained by resolving Bernoulli’s equation, it is
defined as:

𝐶𝑣 =
𝑢𝑒𝑓𝑓
𝑢𝐵

=
𝑢𝑒𝑓𝑓√︀

2 ∆𝑝/𝜌𝑓
. (3.12)
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� Area coefficient. This evaluates the area reduction with respect to the
geometrical one, its formulation is:

𝐶𝑎 =
𝐴𝑒𝑓𝑓

𝐴𝑔𝑒𝑜
. (3.13)

� Discharge coefficient. Introduced in the previous chapter 2, the discharge
coefficient is the ratio between the actual mass flow rate and the theoret-
ical one. The theoretical mass flow rate is calculated with the maximum
theoretical velocity and through the entire geometric area, it is calculated
by:

𝐶𝑑 =
�̇�

˙𝑚𝑡ℎ𝑒𝑜
=

�̇�

𝐴𝑜

√︀
2 𝜌𝑓 ∆𝑝

. (3.14)

� Momentum coefficient. In a similar way, the measured momentum flux
is compared to the theoretical one, based on the same assumptions used
to calculate the theoretical mass flow rate, it is defined as:

𝐶𝑚 =
�̇�
˙𝑀𝑡ℎ𝑒𝑜

=
�̇�

2 𝐴𝑜 ∆𝑝
. (3.15)

Measurement principle

The momentum flux of the spray is measured by a piezo-electric force trans-
ducer placed perpendicularly to the spray, large enough to collect it all. The
sensor measures the force of the impact of the spray which is equivalent to
the total momentum flux at the outlet of the orifice, due to the conservation
of this magnitude in the axial direction. The measurement principle of the
momentum flux is depicted in figure 3.9.

The conservation of the momentum flux equation can be resolved by mak-
ing the following considerations into the control volume:

� The gravitational forces are assumed to be negligible.

� The discharge pressure is uniform in the control volume of the chamber
and results in taking into account the only force exercised by the spray
on the sensor.
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Gas

Sensor

Figure 3.9: Measurement principle of the momentum flux of the spray.

� The air is entrained perpendicularly to the spray axis, and the fuel is
evacuated perpendicularly as well resulting in balancing the radial mo-
mentum and assuming that there are no viscous forces in the axial di-
rection.

A study demonstrated that these assumptions have minor impact on the
measurements and it has been concluded that the error was within the uncer-
tainty of the overall precision of the experiments. Applying these hypotheses
to the equation of the conservation of the momentum flux and considering the
system under steady conditions, the following expression is obtained:

𝐹 = �̇� , (3.16)

where 𝐹 is the force of the impact of the spray measured by the sensor. This
last equation means that whenever all the assumptions are fulfilled the force
of the spray against the transducer is equivalent to the momentum flux at the
outlet of the orifice.
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3.4 Equipment used for isothermal spray analysis

To achieve quantitative measurements in the liquid spray injected under
isothermal conditions (293 K), several techniques have been used to compare
and evaluate its behavior. The installations used to visually analyze the liq-
uid spray are described in this section. The spray is injected in a purposely
designed chamber that simulates the ambient densities of a real engine envi-
ronment during the injection process but avoiding fuel evaporation. Regular
visualization techniques are generally used as one of the first stages of a global
study concerning spray penetration. The basic parameters provided by this
kind of visualization are mainly spray tip penetration distance and spreading
angle along time and are widely used to characterize the spray. The ability
of laser-based techniques to provide microscopic information combined with
macroscopic information of the spray cannot be denied. This special capacity
makes them as a first choice to obtain useful parameters like fuel mass fraction
or droplet size wherever in the spray.

As it is one of the most important organ of this experiment for its speci-
ficity, the cold spray test rig will be described first. The equipment used to
visualize the liquid spray will be presented then, together with the image pro-
cessing and the parameters obtained. Finally, the Planar Laser Imaging system
and the associated diagnostics will be briefly presented, as it requires deeper
development, the setup and calibration of this technique will be the object of
chapter 4.

3.4.1 Optically accessible cold spray facility

The visualization test rig is a closed-loop installation designed in order to sim-
ulate the air density in the combustion chamber of an engine prior to injection.
The advantage of such a test rig is the optical access that allows better visu-
alization of the spray than in a real engine where the moving elements make
any kind of visual measurement highly challenging. A global sketch of the
installation is given in figure 3.10.

The rig is filled with sulfur hexa-fluoride (SF6), which is an inert gas and
has similar characteristics like air in terms of viscosity and optical properties
[35]. The high molecular weight of SF6 (146 g/mol) allows simulating engine-like
densities with relatively low pressure. For example, a gas density of 30 kg/m3

is reached with pressures of about 0.5 MPa at ambient temperature. It has
been seen that spray tip penetration and spreading angle generally depend
on ambient density and not on pressure [33, 36] (See sec. 2.5.1 and 2.5.2).
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Figure 3.10: Global sketch of the cold spray visualization test rig.

This means that the experiments made in this test rig will be completely
representative of the behavior of the spray under the same given conditions [37].

A constant gas stream flows in the closed-loop at a velocity lower than 3
m/s to ensure complete scavenging of the testing volume between two injection
events. The maximum rate of the flow stream is 5000L/min and the bigger
particles (or droplets) are removed by a cyclonic filter while the smaller ones are
stopped by a high efficiency cartridge filter. The temperature of the gas flow is
controlled and all the experiments have been done at a constant temperature
set to 293 K to avoid evaporation. The testing section of the rig is shown in
figure 3.11 where its dimensions are displayed, the three windows are placed
on both side of the injector and at the top ensuring wide optical accesses to
the spray.

This rig has been designed especially to operate single-hole nozzles, and
despite the fact that multi-hole injectors (generally no more than 3 orifices)
can be tested, window contamination is still hard to avoid. A special cap is
used to collect all but the spray under study that can therefore penetrate freely
in the testing section. Single-hole nozzles with orifice coaxial with the injector
axis have been preferred for this study as they present a great advantage when
optical diagnostics have to be applied.
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Figure 3.11: Cold spray testing section with single-hole nozzle injector and
optical accesses.

3.4.2 Direct visualization of the liquid phase

Spray visualization in ambient conditions is a useful parameter as it gives the
evolution of the liquid spray in terms of tip penetration and spreading angle
versus time. To visualize the liquid phase does not require specific optical ar-
rangement or equipment except a fast-shuttered or high-speed camera and the
associated illumination system. The fast-shuttered camera, generally acquires
one picture per event or injection and the sequence is recorded by moving the
shutter in time along the development of the spray; flashes are used to freeze
the image with a time gate as low as possible. On the other hand, high-speed
imaging is carried out by recording a movie of one complete injection at high
frame rate (generally more than 20000 frames per second).

Optical arrangement for liquid spray visualization

The large optical accesses offered by the test rig allow to perform different type
of visualization:

� Direct visualization with side illumination with the camera placed per-
pendicularly to the lights.

� Line-of-sight visualization with diffuse back illumination.

This last technique has been chosen because it has been observed less
influence of the illumination with respect to the side lighting. The line-of-sight
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optical setup makes the light rays going toward the camera to be attenuated
while they cross the liquid spray. The direct visualization however illuminates
the spray and the reflection of light is recorded by the acquisition system. To
obtain a more homogeneous background, an optical diffuser has been placed
between the continuous light used and the spray, making the light more diffuse.

The image acquisition has been performed with a 12-bits CMOS-based
high-speed camera (Vision Research - Phantom v12) at a frame rate of more
than 40000 frames per second and a resolution of 512 x 256 pixels. The time
step at this frame rate is as low as 25 µs; and 10 injections or spray develop-
ments for each condition have been acquired.

Image processing and useful information

The image processing is one fundamental stage as it provides spray tip pene-
tration and spreading angle versus time and is described next. As the spray is
a biphasic system (liquid - gas), the difference between spray and background
is difficult to evaluate and so is the spray pattern. First the background is
taken and adjusted to every single image global intensity to compensate slight
variations of the illumination system. Then, the adjusted backgrounds are
removed from the respective individual image for the spray to be easily iden-
tified. Then, through a computer-assisted processing methodology, the spray
pattern is detected.

Finally, as the boundaries of the spray are known, the definitions proposed
by Naber and Siebers [33] is used to presented the different macroscopic pa-
rameters as listed below:

� Spray boundary detection. The spray pattern is determined as the geo-
metrical threshold previously calculated.

� Spray axis. The axis is estimated as the angle bisector of the two regres-
sion lines calculated for the spreading angle.

� Penetration distance and full cone angle. These parameters require an
iterative process as they are both inter-dependent. The penetration is
the distance along the spray axis to a location where 50 % of the pixels
of the half angle are inside the boundary of the spray [33]. The spreading
angle of the spray is defined by:

tan(𝜃) =
𝐴𝑝𝑠/2

(𝑠/2)2
, (3.17)
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where 𝐴𝑝𝑠/2 is the projected area of the upstream half of the spray eval-
uated by the spray boundary detection.

� Local spray dispersion angle. It is estimated as the arctangent of the
spray width divided by the correspondent axial location calculated as
discrete spray bins of fixed length to average out some of the turbulent
structures [33].

3.4.3 Laser imaging

The domain of laser-based techniques and their number are so vast that their
classification remains a problem. The information provided can be of help
to categorize them: droplet size, velocity, number density, etc. The optical
principle used or the nature of the method applied as well (direct or indirect)
may also be other classification criteria.

Nevertheless, some techniques have been developed and widely used while
they only provide results in one dimension or even for a single measuring
location.

� Fraunhofer diffraction. This line-of-sight method was first developed
by Swithenbank in 1976 [38] and an instrument (Malvern Particle Sizer
- MPS) has been commercialized to measure droplet size and number
density of a liquid spray. One region of the spray is illuminated by a
coherent collimated monochromatic light source and the scattered sig-
nal in the near forward direction is analyzed. For different spherical
droplet diameters, the Fraunhofer diffraction of the light creates a series
of concentric light rings that can be related to the particle diameter.
The technique presents the advantage of being easy to apply, relatively
cheap and, the instrument generally provides accurate results for simple
droplet distribution. However, the poor spatial resolution coming from
the integration along the line-of-sight and the complex implementation in
dense sprays requiring multiple scattering correction make this method
inappropriate for Diesel spray analysis [39, 40].

� Point interferometry. This technique was first developed 45 years ago
by Yeh and Cummins [41] for the measurement of flow velocity. The
method has been then improved to provide the particle size, liquid flux
and number density. It consists of dividing a coherent laser beam into
two beams which intersect in the liquid spray with a given angle to create
an interference pattern due to superposition of the two electrical fields.
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When a droplet crosses the pattern, it scatters light toward a receptor
that focuses the light onto a photo-detector to convert scattered light into
voltage fluctuations. The signal frequency is the Doppler frequency and is
directly related to droplet velocity as long as the spacing between fringes
is known. By adding a second detector and under certain hypotheses, the
particle diameter can be measured as the phase shifting, induced by the
different detection angles, is almost linearly dependent to the diameter
down to just a few micrometers [42]. The sphericity of the droplets can
somehow be verified by adding a third detector. The latest advancements
of the technique also named Phase Doppler Interferometry (PDA and
PDPA being product names of PDI tools) have been to use the intensity
of the signal as a function of droplet diameter to validate data [43, 44];
or technically to use two wavelengths (𝜆 = 514.5 and 488𝑛𝑚) and two
pairs of detectors [45].

The advantages of the method are the accuracy provided without com-
plex calibration as well as the ability to measure several parameters si-
multaneously. On the other hand, the limitations are that it is time con-
suming when spray mapping is wanted as the method is point specific,
there is a lack of accuracy in dense sprays and the complete equipment
is expensive [39,46].

The interferometric technique has been employed in this study to calibrate
and experimentally compare the results. The instrument used is a TSI PDPA
system with FSA4000 digital processor. The main specifications of the setup
are:

� Laser source: Argon-ion continuous laser, 𝜆 = 514.5 nm.
� Fringe spacing: 1.8 µm.
� Scattering angle: 70∘ from incident direction.
� Diameter range: Up to 70 µm with refractive index of n = 1.42.

Full description of the PDPA equipment is provided in [47] together with
the measurement strategy used for accurate results. As the main objective con-
sists in quantitative 2-D fuel mass fraction measurements in sprays under both
non-evaporative and evaporative conditions, these experimental technologies
are not considered as global solutions.

For the purpose of this thesis, the Planar Laser Imaging techniques (PLI)
seem to be the most suitable as they provide macroscopic and microscopic
information simultaneously. The concept is quite basic as it consists in a



88 Chapter 3. Experimental techniques applied in this study

thin laser-sheet which traverses the spray and the photons scattered by the
liquid droplets can be acquired by an acquisition system, generally placed
perpendicularly. Several techniques have been developed on this basis, they
potentially give a description of the spray on a macroscopic scale such as cone
angle, spray tip penetration, general shape, etc. At the same time, droplets
characteristics (e.g. diameter or number density) and spray dynamic (e.g.
droplet velocity or vortices) can also be extracted depending on the specificity
of the diagnostic applied. The techniques used in this work to study the liquid
spray are briefly presented in the paragraphs below, for more details, these
laser-based techniques are more extensively developed in the next chapter 4.

Planar Mie imaging

Mie scattering in sprays refers to the elastic light scattered by droplets bigger
than the incident wavelength. The term "elastic scattering" defines the light
emitted by particles (or molecules) at the same wavelength of the incident
radiation. The electromagnetic signal scattered by the droplets is the dominant
source of light in laser diagnostics for sprays under non-evaporative conditions
[48,49]. It has been observed that the intensity of the light elastically scattered
by a droplet of size much bigger than the wavelength was linearly dependent
to the square of the droplet diameter 𝑑2 [50–52]. Note that this is no longer
valid when the particles or droplets are smaller and correction procedures are
required. The theory as well as a novel experimental solution are described in
chapter 4.

Planar Laser-Induced Fluorescence (PLIF)

This technique is based on the initial absorption of part of the incident ra-
diation and the reemission of a new electromagnetic radiation at a longer
wavelength. In opposite to the Mie scattering, the principle of fluorescence is
inelastic as the wavelength of the emitted light is not that of the incident one.
Fluorescing compounds are naturally present in commercial fuels, however,
the signal emitted is difficult to quantify and a specific dye is generally added.
The intensity of signal generated by the absorber (the dye) is a function of
the concentration of absorber, the temperature and the ambient pressure. If
the doping has been carried out appropriately, the signal emitted is isotropic
and proportional to the incident light intensity. Under such assumptions, the
fluorescence signal would be volume dependent and therefore linear to 𝑑3 for
spherical droplets [53, 54]. To guarantee the proportionality, the range of the
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size of the droplets must be known and the dye concentration carefully ad-
justed. More explanation concerning the parameters that affect the cubic
dependency with droplet diameter is given in chapter 4.

Planar Droplet Sizing (PDS)

Also called Laser Sheet Dropsizing (LSD), this technique is based on the
combination of the planar Mie imaging and Planar Laser-Induced Fluores-
cence [55–58]. The concept is that for a droplet excited by a laser-sheet, the
volume will be given through the fluorescence signal intensity emitted by the
dye contained by the liquid droplet; whereas the intensity of the Mie scattered
light will represent the surface area of the same droplet. By ratioing those two
signals, the Sauter Mean Diameter should be deduced:

𝑆𝑀𝐷 =
𝑆𝐿𝐼𝐹
𝑆𝑀𝑖𝑒

∝ Σ𝑖𝑑
3
𝑖

Σ𝑖𝑑2𝑖
, (3.18)

where 𝑆𝐿𝐼𝐹 and 𝑆𝑀𝑖𝑒 are respectively the signals emitted through fluorescence
process and Mie scattering and 𝑑, the droplet diameter. If two cameras are
used to record the fluorescence and Mie scatter signals simultaneously, fast 2-D
SMD measurements can be achieved. The experimental technique presented
in chapter 4 is a modification of the standard PDS, an evaluation of both is
presented in the following chapter.

Laser-based measurements in sprays present obvious advantages, however,
the amount of multiple light scattering detected is particularly significant due
to the high number density and the wide acceptance angle of the optics re-
quired for good detection. The planar imaging methods are promising, but
they also suffer from multiple scattering and large correction procedures must
be implemented to get satisfying results. The main point of the PDS tech-
nique is to reduce the difference in terms of scattering behavior of the elastic
and inelastic radiations. Several alternatives exist to overcome the multiple
scattering matters, some of the solutions applied or potentially applicable to
sprays are presented in section 3.6.
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3.5 Experimental apparatus under evaporative con-

ditions

The installations used to study the spray injected under high temperature con-
dition will be presented in this section. A constant-volume combustion vessel
with specific and large optical accesses has been used to visualize the vapor-
ized jet. Shadowgraphy [59, 60] or Schlieren imaging [33, 61, 62], are sensitive
to gradients in refractive index, formed by either density or composition dif-
ferences along the line-of-sight. This technique is exclusively applied together
with high-speed imaging mainly because the spray is injected under high tem-
perature condition, and many injections are needed by regular cameras making
the experiment longer and more expensive. Like for the liquid spray, quanti-
tative results can be provided by laser measurements in the evaporative spray
as well; they are now widely used and several methods are available.

This installation to simulate high pressure and high temperature conditions
is called the Engine Combustion Network and is managed by Dr. Lyle Pickett
(CRF - Sandia National Laboratories). This equipment is described first in
this section and an analysis of the internal conditions in the core region where
the spray is injected and evaporated due to high temperature (more than
900 K) is presented. The optical setup to perform Schlieren imaging of the
penetrating spray is outlined then together with the process done on the high-
speed movies recorded. Finally, a laser-based technique is presented as well;
like for the liquid spray, this technique is developed and evaluated in chapter
5.

3.5.1 Engine Combustion Network

The disposal equipment is able to provide a wide range of ambient (charge-gas)
environmental conditions that can be simulated at the time of fuel injection,
allowing the effect of each variable to be assessed. With a full optical access,
it can be processed ambient gas temperatures from 450 K to 1400 K, densities
from 3 to 60 kg/m3 and oxygen concentrations from 0 to 21 %. These conditions
fit or exceed those generally encountered in a Diesel engine.

Figure 3.12 shows a schematic cross-section of the combustion vessel. The
characteristic dimension of the cubic-shaped volume section is 108 mm and
each side of the combustion chamber has a round port with a diameter of 105
mm.
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Figure 3.12: Combustion vessel used to perform experiments at high temper-
ature (Engine Combustion Network - ECN)

Optical accesses and operation

This Engine Combustion Network in its "basic" configuration is equipped with
3 sapphire windows of 102 mm diameter to allow maximum optical access to
the spray. Only two of those are used in this setup for entrance and exit of
the parallel rays of light, the last one can be eventually used as a camera
access. Two other metallic windows are permanently setup with the injector
and its internal cooling system, which control the flow to maintain a constant
temperature of 90ºC and one at the top where the spark plugs are. The last
window is optional and can be used for some specific experiments such as front
visualization (by using another sapphire window) or soot sampling for example
(with a metallic window and a purposely-designed soot collector).

Before a set of experiments, the vessel is heated up at 455 K and the ambi-
ent conditions are reached thanks to a premixed, combustible-gases mixture,
which is ignited to increase pressure and temperature in the vessel. The admit-
ted mixture is at the desired density and after premix burn, when the internal
conditions match the present one, the experiment can begin and so the spray
is injected into the vessel. A fan, placed in one corner of the vessel, mixes
the gases so that the conditions are assumed homogeneous during injection
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and spray development while the gases velocity is as low as 0.7 m/s in the
core region. Reminding that spray velocity can reach around 600 m/s in the
first millimeters, it is presumed that the injected spray is not veered off. The
vessel is also equipped with pressure and temperature transducers to record
those parameters during the experiments; the temperature being also checked
by the pressure drop to adjust the cool down process.

The reactants of the pre-burn used to fill the vessel consist of acetylene
(C2H2), hydrogen (H2), oxygen (O2) and nitrogen (N2) and the molar fraction
is adjusted so that complete-combustion can be assumed. After the premix
combustion, the ambient conditions are changing over a relatively long time
(about a second) due to heat transfer to the vessel walls, and the pressure
slowly decreases. Other environments, such as exhaust-gas-recirculation used
in engines, or an inert ambient (0 % O2), were simulated by changing the
reactant O2 and N2 concentrations. Some tables are used to calculate the
amount of those different species in order to reach the ambient conditions
when the fuel is injected. Two methods have been used to determine the
influence of the premix burn on the left over products after combustion: gas
sampling of the exhaust and closed-reactor simulation. The results of the tests
indicated that for typical Diesel conditions (around 800 K to 1000 K), the
products of the combustion except CO2, H2O, O2, and N2 were less than 0.02
%. This means that the molar fractions of the species used for generating the
combustion mixture are close approximations for boundary conditions at the
time of Diesel injection. In order to better control this pre-burn process, a
cool down history is often recorded when the vessel is working. Actually, the
vessel internal conditions may vary and that can affect the cool down, which
produces some dispersions during the measurements.

Internal conditions

Specific tests have been performed in order to evaluate the temperature vari-
ation inside the combustion vessel, and more precisely, in the core region of
the spray. In this aim, type R thermocouples have been used, the platinum-
rhodium junction is made with really thin wires (50 µm), this leads to have
a fast response in temperature and the time-resolved decay can be acquired.
Those tests performed over several premix burns revealed a standard deviation
along the spray region and its neighborhood of 2.1 % of the mean (about 20
mm radially from spray axis). These temperature fluctuations are one likely
explanation for any variation in system performance from injection to injec-
tion.
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3.5.2 Schlieren imaging

Contrary to visualization of the isothermal liquid spray, the vapor phase re-
quires a purposely-designed optical setup. Due to their sensitivity to density
gradients, shadowgraph and Schlieren imaging when applied to vaporizing fuel
sprays are capable of identifying the vapor phase of the spray [33, 62]. Shad-
owgraphy/Schlieren techniques therefore provide important information con-
cerning spray development when associated to high-speed imaging of Diesel
sprays [63]. These visualization methods are mainly designed to record the
vapor phase of the injected spray at evaporative conditions.

Optical setup for high-speed Schlieren imaging

The optical arrangement to perform high-speed Schlieren imaging of the evap-
orative jet in the combustion vessel is depicted in figure 3.13. In this setup,
a 150 W (electrical power) mercury-xenon arc lamp with a small arc distance
(1.5 mm) system was used as a continuous white light source. A white light is
generally preferred in Schlieren and shadowgraph imaging as it avoids diffrac-
tion or speckle effect generated with the use of coherent light sources [33]. The
light was collected with a 50 mm focal length camera lens (f/1.2 Nikkor), pro-
viding better broad wavelength performance compared to a simple achromatic
lens. The light was then passed through a 1 mm aperture to form a clear
point source and was then reflected by a 115 mm diameter parabolic mirror
obtaining parallel rays. The light was steered into the vessel and, after cross-
ing the testing section where the spray evaporates, the light was collimated by
another parabolic mirror to be focused again at about 100 mm before entering
the high-speed recording system.

A 12-bits CMOS-based high-speed camera (Vision Research - Phantom
v7.1) has been used to record spray development at a frame rate of more than
45000 fps and a resolution of 256 x 128 pixels. This leads to an inter-framing
time of about 22 µs, the exposure time has been selected to use the dynamic
range of the camera and was as low as 2 µs demonstrating the quality of the
light source.

Image correction and analysis

To measure the very outer part of the spray, in other terms its boundary, it
is necessary to setup a system with high sensitivity to refractive index gra-
dients. In the meantime, the heated combustion vessel will engender natural
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Figure 3.13: Combustion vessel and high-speed Schlieren imaging setup. Mir-
ror spacing and angles are not scaled.

temperature gradients due to boundary layers and so this will generate refrac-
tive index inhomogeneities as well. The consequence is that the images will
suffer from background moving non-uniformities as the gases are mixed with
the fan to reduce temperature fluctuations within the core region. The image
intensity before injection is subtracted from the image intensity at any time
during injection as a background correction.

The result is that the background of the Schlieren movies appears more
flat as the density gradients are well removed by the correction [64]. Any
kind of analysis is now easier and more interesting characteristics of spray tip
penetration under evaporative conditions can be observed. The spray analysis
began with a threshold level selection to separate ambient and penetrating
jet. The intensity of this threshold has been calculated as the middle of the
two peaks that appeared on the histogram of the cumulative intensity as one
corresponds to the spray and the other to the ambient.

Thanks to this correction, every single image of the complete development
of the sprays can be treated with better accuracy. The process provides the
user with the same parameters defined earlier for liquid penetrating sprays [33]:
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Spray boundary, axis, penetration rate, spreading angle and local dispersion.
Nevertheless, only penetration rate versus time and spreading angle are used
further in this study.

3.5.3 Rayleigh scattering diagnostics

Due to many physical confines and their non-intrusive approach, optical-laser-
based technologies of diagnostics have become the method of choice for quan-
titative measurements in vaporizing sprays. The analysis of the vapor phase of
an injected spray could seem more complex as it is not visible by human vision,
but it actually presents less matters than in the liquid phase. Through the
years, several methods have been developed to study this part specifically, the
most relevant information being the fuel to air ratio in the spray also presented
as the mixture fraction.

A discussion over which technique seems to be the most suitable to get
the fuel mass fraction under evaporative conditions is given in chapter 5. At
first, as it does not require additive, the Rayleigh scattering technique has
been preferred for quantitative measurements of the fuel concentration for this
study. Another reason is that from an illumination point of view, the setup
is very similar to the one used for planar laser imaging described earlier for
measurements in liquids 3.4.3 which makes more sense when the objective is
to compare the behavior of the spray under evaporative and non-evaporative
conditions. A brief introduction of the Rayleigh scattering technique is given
here, a distinction is done between the information provided by the technique:
mixture fraction or temperature distributions. The theory, calibration and an
exhaustive description of the technique for quantitative measurements is the
object of chapter 5.

Concentration measurement via Rayleigh scattering

The Laser Rayleigh Scattering (LRS) is preferentially used for density mea-
surement and vapor concentration studies. As for Mie, this scattering process
is elastic and thus, the emitted radiation is at the same wavelength as the in-
cident light (or almost due to Stoke shift like for Raman scattering). When a
perpendicularly polarized electromagnetic radiation penetrates a medium con-
taining particles small compared to the wavelength, the light is isotropically
scattered by the particles. The signal emitted in the normal direction to the
scattering plane will contain weighted information about the gas concentra-
tion or density. The Rayleigh scattering diagnostic does not require addition
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of a tracer to the fuel, it is not dependent upon pressure, temperature or
surrounding gases composition, as it is the case in any technique using fluores-
cence. The signal comes from direct interaction of the incident light and the
molecules and therefore, the technique provides accurate results. As the signal
is relatively strong compared to Raman for example, 2-D imaging is possible
and the optical setup is very similar to that used for planar laser imaging in
liquid sprays. The main downside of this method is that it may suffer from
Mie scattering interferences and spurious scattering. Another matter could be
that incident light and emitted signal have the same wavelength that could
interfere and thus skew the results. Hence the difficulty lies in finding a way
to avoid as much as possible the unwanted scatter and reflection effects from
various sources. Some examples of optical noise sources could be: particles in
the fuel or in the ambient, fuel droplets, and flare coming from the windows
and laser-blade delivery optics.

Rayleigh thermometry

From the concentration, another parameter can be deducted from the Rayleigh
scattering signal: the local temperature. Actually, when gas composition and
pressure are known Rayleigh imaging allows to measure planar temperature
fields, this technique called Rayleigh thermometry comes from the ideal gas
law. Conceptually, if the local molar fraction of a known injected gas has been
measured, then, the results of the number density can be used to determine
the local temperature:

𝑇 =
𝑝

𝐾𝐵 𝑁
. (3.19)

Here, 𝑇 is the temperature, 𝑝 the pressure of the gases or ambient pressure, 𝑁
the molecular number density of the gases mixture previously measured and
finally, 𝐾 the Boltzmann constant. From this simple relation, a 2-D map of
molar fraction measured via Planar Laser Rayleigh Scattering (PLRS) allows
obtaining a similar 2-D map of adiabatic mixing temperature of the sample.

3.6 Available methods to overcome multiple scatter-

ing effects

Multiple scattering of the light crossing a medium containing scatterers like
fuel droplets is a real matter. The regular techniques used to characterize the
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liquid and atomized spray are known to be reliable in the dilute region, where
the scattering regime is so high. However, in the dense region of the spray,
due to the small distance between droplets, these techniques are not capable of
measuring accurately because of the large number of photons that have been
multiply scattered within the medium [65].

To overcome this multiple scattering problem, a lot of solutions are avail-
able throughout the literature. Some are computational operations, which in
some way could increase the quality of the results with the use of theoretical
analysis of the light scattered by the particles [66]. On the other hand, sev-
eral laser-based diagnostics have been recently developed and proposed to go
deeper in such turbid media like last generation Diesel sprays:

� The interferometric laser imaging. This technique developed for droplet
sizing [67] has been first applied to sprays by Glover et al. in 1995 [68].
It is based on imaging droplets illuminated by a laser-sheet; due to in-
teraction between reflection and refraction of the light, some fringes are
created and can be imaged with adequate defocusing length. The dis-
tance between the fringes depends on droplet diameter, as long as the
wavelength of the incident light is known, angle of detection and rela-
tive refractive index. The first limitation of this technique is the number
of droplets that can be imaged to count the fringes with accuracy. An
improvement has been done in this way [69], by a set of lenses placed
between the imaging plane and the collective optics, the fringes are im-
aged as a line instead of a disk. This reduces the overlapping of the
droplets and measurements can be done within the dense region of the
spray. Still, even if the droplet size is accurately measured, this easy-to-
calibrate technique requires only spherical droplets and the small size of
the testing area (4 x 4 𝑚𝑚2 in [69]) make it not suitable for complete
real sprays analysis.

� The double extinction. This technique presents the same disadvantage as
it can measure only small probes (line-of-sight). This method, also called
2𝜆 or two color technique, has been developed for sprays by Parker et
al. [70] and offers a measurement of the droplet size distribution along a
line-of-sight based on the Beer-Lambert law (see eq. 4.10). Two collinear
beams with different wavelengths (in the far infrared domain - several
micrometer - to reduce scattering efficiency) cross the spray and their
extinction are independently deduced from the intensity of the light with
and without the spray. Assuming mono-disperse droplets or an analytical
distribution of droplet size, the extinction ratio gives a unique solution of
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the droplet diameter. The disadvantages of this technique, in addition to
the small probed area at a time, are the size range that can be measured
(droplets bigger than 20 µm can give identical extinction ratio even
if their diameters are different) and the use of empirical functions for
droplet size distribution that could induce errors or at least limitations.

There are, however, other methods to globally analyze the dense region of
the spray; these techniques require some interest and they will be described
in this section. They have been developed recently and are now applied to
Diesel sprays; as they present the highest atomization regime, their analysis is
a challenge of everyday for the numerous researchers working on this field.

3.6.1 X-Ray absorption

First method and certainly the most impressive one because of the so expensive
equipment that it requires, the X-ray absorption has been recently applied to
high pressure fuel sprays (Argonne National Laboratories). It is quite common
to see X-ray radiography of broken bones, nonetheless, its application to high
speed two phase flows is a lot more complicated and has been introduced
in 1990 [71]. Ten years later, Powell et al. [72] were the first to perform
quantitative measurements of liquid mass fraction in a fuel spray.

The main organ of the technique is a monochromatic synchrotron which
generates an X-ray beam to illuminate the spray. In a line-of-sight configu-
ration, the fuel mass fraction can be determined by the level of X-ray beam
attenuation measured by a high speed Pixel Array Detector (PAD). Figure 3.14
presents a sketch of the experimental installation to perform X-ray measure-
ments in sprays.

The particularity of the X-ray compared to the visible light is that the
radiations are attenuated when going through a medium containing particles as
well, but they are not deviated or scattered. This attenuation can be calculated
thanks to the Beer-Lambert law [74] according to:

𝐼𝑡
𝐼0

= 𝑒𝑥𝑝(−𝜇𝑚 𝑚), (3.20)

where 𝐼𝑡 and 𝐼0 are the transmitted and incident X-ray intensities, 𝜇𝑚 the mass
absorption coefficient of the fuel and𝑚 the mass of fuel in the beam. The mass
absorption coefficient of the fuel 𝜇𝑀 is previously calibrated, an absorber has
to be added to the fuel in order to increase the absorption and tests can be
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Figure 3.14: Schematic representation of the experimental setup for fuel mass
fraction measurements (Powell 2004 [73]).

done on the sample to get a reference point. The mass of fuel along the path
of the X-ray beam is then easily deduced from the 𝐼𝑡/𝐼0 ratio at each location
on the radiography. As commented before, X-rays are not affected by multiple
scattering phenomena and are highly penetrative in materials with low atomic
numbers.

The technique has demonstrated several interesting parameters recently
like the fact that a high pressure Diesel spray can travel at supersonic speed
and the shock waves generated can be quantitatively measured [75]. Other
crucial information provided by X-ray measurements is the presence of a liquid
core in the near-nozzle field and the determination of its length, this has an
impact on the whole breakup process (see fig. 3.15 [76]).

The use of X-ray has demonstrated to provide quantitative measurements
in dense sprays because it does not suffer from multiple scattering, however,
it presents some limitations. The first one is the cost of such an installation,
as a synchrotron source is required, the diagnostics can be applied by only a
few research institutes. The technique is not completely non-intrusive as an
absorber has to be added to the fuel, the fluid properties can be altered during
this process. The low signal-to-noise ratio (SNR) coming from the sensitivity of
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Figure 3.15: Deduction of the liquid volume fraction (LVF) represented as
a mass/area ratio for a water spray using X-ray measurements (Wang 2006
[76]).

the detector and the possibility to damage it makes the experiment of a single
shot almost impossible and thus results are an average over several injection
cycles.

3.6.2 Ballistic imaging

Together with the X-ray absorption, the ballistic imaging technique represents
a recent advance in diagnostics devoted to analyze the dense region of liquid
sprays. This technique has been developed in bio-medical applications and
was originally applied for imaging through tissues [77]. In 1995, Galland et
al. [78] applied it to image sprays, but the limited spatial resolution led to a
lack of interest within the scientific community. Almost 10 years later and the
huge improvements in terms of imaging that come along with, Paciaroni and
Linne [79] decided to adapt the ballistic imaging technique to obtain single
shot images of a water spray with high spatial resolution (between 20 and 50
µm depending on the location). Since then, the group used the diagnostics to
study a turbulent water spray, a steady spray in cross-flow and the transient
part of a Diesel fuel spray [80]. The optical configuration of a typical ballistic
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imaging system is proposed in figure 3.16.

Figure 3.16: Optical configuration used for ballistic imaging in a spray
(source [80]).

Ballistic imaging relies on the fact that when the light goes through a turbid
medium, like the dense region of a spray, some photons pass straight while the
others are multiply scattered. These non-deviated photons, called "ballistic",
exit the midst with the same solid angle that they entered as they did not
suffer from scattering while they were traveling in the medium. Their name
comes from the fact that they travel the shortest distance as their way has not
been significantly changed. A second group of photons, called "snake", travels
longer as the light is scattered several times (from 1 to 9 times according to
Linne et al. [80]) within the forward direction. As these photons are scattered
while they travel in the midst, the distance covered is larger and they exit with
a delay with respect to the ballistic photons.

It has been observed that ballistic and early snake photons (scattered from
1 to 3 times within the forward direction) conserve the structure of the media
in their memory. They can be used then to rebuild the media, in this case a
spray, by acquiring these photons only. In the same way, the late snake photons
scattered more than 3 times lose memory of the initial structure within the
medium. Some photons, scattered 10 times and more conserve no information
of the structure they passed through and are called "diffuse" photons.

The difficulty of the technique, except perfect alignment of the optics,
consists in extracting the ballistic and early snake photons from the laser



102 Chapter 3. Experimental techniques applied in this study

light signal exiting the spray. As sketched in figure 3.16, the ballistic imaging
technique relies on a line-of-sight setup where an ultra-fast detection system
has been used to cutoff the undesired light (late snake and diffuse photons)
together with a femtosecond laser light source.

Another important property of the ballistic and early snake photons is
that they keep the polarization of the incident beam when exiting the spray.
This governed the researchers to use an Optical Kerr Effect (OKE) gate as
high speed shutter to be placed in front of the camera because it uses the
polarization properties of light. The Kerr active liquid chosen to perform such
measurements was a 𝐶𝑆2 which offers a gate time as low as 2 ps [79]. The
resulting images (see fig. 3.17) present shadowgraph properties but with a
much higher spatial resolution due to the coherent characteristic of the light
as the diffuse photons have been cutoff.

Figure 3.17: Typical image obtained through ballistic measurement of the
steady period of a spray (source [80]).

Thanks to the great optical efficiency offered by the technique, ballistic
imaging can be used to study the transient part of a high speed flow with
instantaneous images. The near nozzle field can also be visualized, making
possible the study of primary and secondary breakups although other tech-
niques were limited in this dense region. Vector velocities [81], droplet size
and extinction measurements [82] have been demonstrated as other capabili-
ties of the ballistic imaging technique. The main drawback of the technique
is the difficulty to adjust the correct time gating as it requires the calculation
of photons exiting the medium, generally achieved via modeling. Finally, as it
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has been commented previously, the complexity of the optical setup can also
be a matter as it requires accurate alignment of the numerous elements.

3.6.3 Structured Laser Illumination Planar Imaging (SLIPI)

Planar laser imaging technique can be improved by a new laser-sheet-based di-
agnostic able to significantly increase the image contrast of a spray by removing
the multiple scattering noise contribution. This technique using structured il-
lumination has been first introduced by Kristensson et al. in 2008 [83]. This
work demonstrated the capability of the structured illumination to remove
blurring effect induced by multiple light scattering in a dynamic two phase
flow. A couple of months later, the same group presented its technique as
Structured Laser Illumination Planar Imaging (SLIPI) and applied it to the
dense region of a hollow-cone water spray [84]. A sketch of the installation
used in this work is depicted in figure 3.18.

Figure 3.18: Experimental setup used in the SLIPI method to correct multiple
scattering in high-speed flows (source Berrocal et al. [84]).

The technique, previously developed for fluorescence microscopy [85], is
based on an incident laser-sheet which is spatially modulated along the per-
pendicular direction of the sheet. Three images are recorded successively while
the phase is shifted by a third of a period between acquisition of each image
of the set. A specific post-processing of the three images can suppress the
similarities between the spatially moved incident light signals, however, the
features characterized by the sinusoidal modulation are kept. The base of the
method is that a photon which is multiply scattered lose the modulation in-



104 Chapter 3. Experimental techniques applied in this study

formation while the singly scattered one preserves it. Through different steps
of calculation, the unwanted light is removed from the image leading to an
image with single scattering only. A schematic description of the technique
with a set of images and the related equations used for the processing is given
in figure 3.19.

Figure 3.19: Illustration of the technique: set of 3 images (dephased of 2𝜋/3),
related equations and resulting images for regular planar imaging and SLIPI
(source Berrocal et al. [86]).

During the evaluation of the results published in [84], the technique showed
to effectively reduce the noise on the images induced by multiple scattering
by suppressing up to 44 % of the total detected intensity. An additional work
has been done to evaluate the technique better [86], by the implementation
of the results in a modern 3-dimensional computational model. Two sprays
with different atomization levels have been simulated and the results showed
that the technique was still providing reasonable results even at high optical
depth [86].

It has to be said that for high values of optical depth, the major part of
the light has been multiply scattered, losing the structural information and
thus leading to an apparent modulation depth on the individual images near
zero. This might be the main limitation of the technique, when the medium
is too dense optically, no information of the incident structure of the light
can be extracted and the SNR of the resulting image is then too low. One
other drawback of this technique is that it requires three images with an exact
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phase-shifting, this means that the hardware to analyze individual sprays is
quite complex and expensive (e.g. 3 cameras, 3 lasers and accurate phase-
shifting).

3.7 Conclusions

Numerous experimental techniques have been used in this work to study the
different aspects of the injection and disintegration process of Diesel sprays.
The injection system employed to generate the sprays analyzed in this study
has been presented, the autonomous equipment has been purposely-designed
to drive the last generation common-rail system coupled to it. Thanks to
accurate regulation of the injection pressure and control on injection timings,
the precision of the injection from shot-to-shot is as high as possible for this
kind of experiments. The single-hole nozzle equipping the solenoid injector
has been designed for specific studies only and represents the last progresses
in terms of nozzle manufacturing.

The equipments used to analyze the flow at the outlet of the injector rep-
resent a unique solution to hydraulically characterize the injection system and
more particularly the nozzle. Coupled with a technique aiming at giving the
internal features of the nozzle’s orifice, all this equipment provides crucial in-
formation concerning the flow exiting the injector’s nozzle. Parameters like
time-resolved mass flow rate, momentum flux are of importance when analyz-
ing the flow. Merging these data together with the internal geometry of the
injector provide parameters like spray velocity or effective diameter; as well as
dimensionless parameters such as discharge and area contraction coefficients.

For the study of isothermal sprays, a constant pressure facility equipped
with full optical accesses has been used. This installation filled with an in-
ert gas (SF6) is capable of simulating the density conditions present in a real
engine at time of injection, while keeping the temperature constant at 293
K t avoid fuel evaporation. Two-dimensional macro-visualization with back-
illumination of the penetrating sprays provides paramount information with
regard to the development and atomization of the injected sprays. The numer-
ous laser diagnostics applied in this work such as laser interferometry (PDI or
PDPA), planar Mie scattering or PLIF allows studying the spray from both
microscopic (e.q. fuel mass fraction, droplet size) and macroscopic approaches
simultaneously.
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The Engine Combustion Network designed and managed by Sandia Na-
tional Laboratories is a constant volume combustion optically accessible ves-
sel. This facility can simulate high temperature and high density conditions
in the range of 450 to 1400 K and from 3 to 60 kg/m3, respectively. Schlieren
imaging has been performed to record the boundary of the vaporizing sprays
in order to obtained spreading angle and penetration rate. Rayleigh scattering
diagnostic has been described in this chapter as well in order to quantitatively
determine the mixture fraction at any location in the vapor region of the jet.

Due to multiple scattering of the light in the Mie regime, the potential of
alternative techniques to overcome this phenomenon is presented in the last
section of this chapter. As the goal is to provide quantitative measurements
in the liquid phase as well, 2-D techniques such as X-Ray absorption, bal-
listic imaging and more recently Structured Laser Illumination Planar Imag-
ing (SLIPI) have been evaluated. The requirements in terms of experimental
equipment of the X-Ray absorption made this diagnostic available to a few
researchers only. The not-quantitative approach of the ballistic imaging re-
moved this technique from the possible solutions to be applied in this study.
Therefore, the SLIPI technique represents the best solution to remove multi-
ple scattering in atomized liquid sprays in order to quantitatively evaluate the
mixture fraction distribution.
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4.1 Introduction

For more than two decades now, the laser-based technique are widely used
to analyze the specificity and the complexity of sprays. As introduced briefly
in section 3.4.3 there are several solutions to go deeper into spray analysis.
However, with the improvements or difficulties encountered with the different
experimental techniques, some have been preferred by the researchers. The
planar imaging offers several advantages, the main one being to generally allow
quick and global analysis of the entire spray.

Planar laser imaging relies on the fact that a section of the spray can be
cut by a thin laser-sheet. The laser radiation propagates through the droplets
and transmits the light according to an elastic scattering process governed
by the Lorenz-Mie theory formulated more than a century ago [1, 2]. These
independent formulations have been adapted to modern physic [3, 4] and are
extensively applied in engine researches mainly to study the liquid part of the
spray [5–7].

The Planar Laser Induced Fluorescence (PLIF) [8–12] is an extension of
the planar laser imaging technique. Used either for gases or liquids, it assumes
that the quantity (or mass) of the substance under study is proportional to
the fluorescent emission intensity; since this is true, the concentration of the
substance can be obtained.

The relative Sauter Mean Diameter can also be calculated by dividing the
two signals obtained, i.e. fluorescence and elastic Mie scattering as introduced
in section 3.4.3. Proposed in 1993 by Yeh et al. [13,14] this 2-D droplet sizing
technique assumes surface dependence with droplet diameter for the elastically
scattered light signal and volume dependence for the fluorescent emission. To
perform this work, TMPD (1% by weight) was used as fluorescent dopant and
both images (fluorescent emission and Mie scattering) were acquired simulta-
neously.

Since then, many researchers concentrated their efforts on this field and
spray analysis using the LIF/Mie ratio became more and more important
[15–20]. In 2001, Domann and Hardalupas [21] made an evaluation of the
parameters that influence the Planar Droplet Sizing (PDS) technique. Two
years later, the same authors [22] undertook some works whose purpose was
to provide all necessary steps required for quantitative SMD measurements
in dense sprays using this PDS technique. Simultaneously, Pastor et al. [23],
presented a methodology for concentration measurements of Diesel sprays in
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isothermal conditions using the Planar Laser-Induced Natural Fluorescence
(PLINF). This work considered the natural fluorescence of a commercial Diesel
fuel with an excitation wavelength of 355nm and did not require doping of the
system while all previous studies used a fluorescent dye and appropriate exci-
tation wavelength (generally 532 nm).

There are, however, some problems when the objective is to study dense
optical media like modern Diesel sprays with planar laser imaging mainly due
to multiple light scattering [24–27]. This chapter first presents a theoretical
approach of the propagation of the light emitted by a droplet through scat-
tering and fluorescence processes and the scattering of light by an ensemble of
small droplets. An evaluation of the planar laser imaging techniques in media
containing scatterers is performed and a method to correct multiple scattering
issues in optically dense media is proposed and evaluated. The calibration of
the technique to measure mixture fraction in non-evaporative Diesel sprays is
detailed including the fluorescence properties of the fuel used and the results
are presented and compared to other experimental techniques or models. The
conclusions concerning the measurement of the fuel mass fraction in a spray
injected under non-evaporative conditions are finally drawn.

4.2 Propagation of light in media containing scatter-

ers

The interaction between electromagnetic waves and particles has been stud-
ied for many years and represents an important part of the optic physics.
The first description of the interaction between light and a single sphere has
been described by Lorenz in 1890 [28] without using Maxwell’s equations, thus
making some assumptions. Almost 20 years later, a formulation resolving the
Maxwell’s equations is produced by Mie [2] and provides similar results to
Lorenz’s one. This theory completed by Debye [29], is widely known as the
Mie theory (Lorenz - Mie theory (LMT) is also commonly used) and represents
the absolute reference to study the diffusion of light by particles.

4.2.1 Mie scattering and fluorescent emission of a single
droplet

Before analyzing the propagation of light into a collection of droplets, a quick
recall of the theory of the light signals emitted by a single particle for both
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elastic or inelastic radiation is presented. First, an introduction of the theo-
retical concepts of diffusion of an electromagnetic wave when interfering with
a particle is provided. A presentation of the concepts of fluorescence follows
and a description of the important parameters controlling the intensity of the
fluorescent emission is finally proposed.

Quick recall of the theory of light scattering

Scattering refers to light - particle interaction which transforms the incident
radiation into a resulting electromagnetic radiation of identical or different
properties. When a particle is irradiated by an electromagnetic wave, the
electrical charges of the molecules are excited and oscillate due to the electric
field of the incident wave. This oscillations depends upon several parameters
and may produce a change in the electromagnetic radiation over all directions.
The electromagnetic energy emitted is then called scattered radiation [30] and
the wavelets emitted interfere one to each other, resulting in several preferential
final scattering directions.

The Lorenz - Mie theory describes this physical phenomenon of light scat-
tering by spherical particles and is only valid for homogeneous, isotropic and
non-magnetic particles [2]. Gouesbet and Gréhan [31] proposed a generalized
version of this theory considering the Gaussian intensity profile of the incident
laser beam. Mie’s formulation of light diffusion is known to be complex as it
requires a solid mathematical development; however, a basic approach of the
scattering theory is more than enough to introduce this mechanism.

As a beginning, considering non-absorbing spheres, the total intensity of
the incident light will be diffused through an elastic scattering process over
all directions. The intensity of the scattered light 𝐼𝑠 at any point at a large
distance 𝑙 from a particle can be expressed as [3]:

𝐼𝑠(𝛽, 𝜙) =
𝜆2 𝐹 (𝛽, 𝜙)

4𝜋2 𝑙2
𝐼0 . (4.1)

Where 𝐼𝑠 and 𝐼0 are the scattered and the incident light intensity respectively
and 𝜆 the wavelength of the electromagnetic radiation. The scattering coef-
ficient 𝐹 (𝛽, 𝜙) is a dimensionless function providing the preferential direction
of the scattered light expressed in the Cartesian coordinate angles 𝛽 and 𝜙.
Figure 4.1 shows the scattering coordinates used in this formulation.

If the scatterer is spherical, the intensity scattered is independent of 𝜙 and
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Figure 4.1: Schematic of the directions and angles of the incident and scat-
tered photons.

can be expressed in terms of the amplitude scattering function 𝑆(𝛽) as:

𝐼𝑠(𝛽) =
𝜆2 𝑆2(𝛽)

4𝜋2 𝑙2
𝐼0 . (4.2)

From the amplitude scattering function, the scattering phase function 𝑃 (𝛽)
can be defined:

𝑃 (𝛽) =
𝜆2 𝑆2(𝛽)

4𝜋2 𝜎𝑠
. (4.3)

The scattering phase function has no physical dimension and its integral
over all directions is equal to 1. An example of polar Mie scattering phase
function is given in figure 4.2 for a 20 µm fuel droplet, assuming unpolarized
illumination.

A new parameter is introduced here, the scattering cross-sectional area or
scattering cross-section; it is defined as follows for a spherical particle [3]:

𝜎𝑠 =
𝜆2

2𝜋

∫︁ 𝜋

0
𝑆2(𝛽) 𝑠𝑖𝑛(𝛽) 𝑑𝛽 . (4.4)

The scattering cross-section 𝜎𝑠 corresponds to the surface-area where the en-
ergy of the incident radiation falling on this area equals the total energy scat-
tered in all directions. Another parameter is obtained by dividing the scatter-
ing cross-section by the geometrical cross-sectional area projected onto a plane
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Figure 4.2: Mie scattering phase function of a spherical fuel droplet illumi-
nated at 𝜆 = 532 nm from the left side (Calculated from Bohren and Huff-
man’s code [30]). Droplet diameter is 20 µm, incident radiation is unpolarized
and the scattered intensity is on log-scale.

perpendicular to the incident beam, the scattering efficiency factor 𝑄𝑠 which
allows the following formulation of the scattering cross-section:

𝜎𝑠 =
𝜋𝑑2

4
𝑄𝑠, (4.5)

with 𝑑 the diameter of the particle so that 𝜋 𝑑2

4 would be its geometrical cross-
sectional area. The scattering efficiency factor 𝑄𝑠 can be either lower or higher
than the unity 1, this means that for an illuminated particle, the area shad-
owed can be bigger or smaller than the geometrical cross-section. For droplets
bigger than the wavelength (for example 𝜆 = 532 nm), the shadowed area is
generally bigger than the geometrical cross-section area. This is partially due
to the fact that some energy is removed by interference between the scattered
radiation and the incident wave. Figure 4.3 shows the evolution of the scatter-
ing efficiency factor 𝑄𝑠 as a function of the particle diameter considering an
incident illumination wavelength of 532 nm.

By replacing equation 4.5 into equation 4.3 and combining this new expres-
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Figure 4.3: Scattering efficiency factor of a spherical droplet (n = 1.42) as
a function of the droplet diameter. Incident radiation wavelength is 532 nm.

sion of the scattering phase function with equation 4.2, the following expression
of the scattered intensity is obtained:

𝐼𝑠 =
2𝜋

∫︀ 𝜋
0 𝑃 (𝛽)

𝑙2 𝜋𝑑2

4 𝑄𝑠

𝐼0 . (4.6)

As presented on figure 4.3, the scattering efficiency factor 𝑄𝑠 is oscillating
around 2 for droplets bigger than the wavelength. Thus the intensity of the
light scattered by a single droplet will be dependent on the square of the
diameter of the droplet as shown in equation 4.6.

Concepts of fluorescence

Fluorescence is a member of the luminescence family of processes in which sus-
ceptible molecules emit light from electronically excited states created by either
a physical (for example, absorption of light), mechanical (friction), or chemical
mechanism. Generation of luminescence through excitation of a molecule by
ultraviolet or visible light photons is a phenomenon called photoluminescence,
which is formally divided into two categories: fluorescence and phosphores-
cence, depending upon the electronic configuration of the excited state and
the emission pathway. If the electronic transition which generates the photon
occurs between electronic orbitals with the same spin, the process is called
fluorescence; whereas phosphorescence occurs when the electronic transition
occurs between orbitals with different spins. When a photon is absorbed, the
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energy makes an electron of the molecule to be transfered to an orbital spin
of higher energy level. This process is conceptually described in a Jablonski
diagram named after its inventor and presented in figure 4.4.

Figure 4.4: Conceptual diagram of fluorescent emission process (Jablonski
[32]).

Fluorescence is the property of some atoms and molecules to absorb light
at a particular wavelength and to subsequently emit light of longer wavelength
after a brief interval, called the fluorescence lifetime. The process of phospho-
rescence occurs in a manner similar to fluorescence, but with a much longer
excited state lifetime. The fluorescence process is governed by three important
events, each of them occurs at timescales that are separated by several orders
of magnitude. Excitation of a susceptible molecule by an incoming photon hap-
pens in femtoseconds (10−15 seconds), while vibrational relaxation of excited
state electrons to the lowest energy level is much slower and can be measured
in picoseconds (10−12 seconds). The final process is the emission of photons
at a longer wavelength and then the molecule returns to the ground state; this
occurs in the relatively long time period of nanoseconds (10−9 seconds) called
fluorescence lifetime [33], which is as short as a laser pulse.

From a practical point of view, the fluorescence phenomenon can be briefly
explained as the re-emission of part of the incident radiation at a longer wave-
length when some substances, called fluorophore, are illuminated. According
to the Beer-Lambert law [34], it is possible to relate the measured fluorescence
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intensity with the concentration of the fluorescent substance, or absorbers.
The following formulation of the Beer-Lambert’s law gives the intensity of the
light signal after absorption into a liquid sample of optical path 𝐿𝑜𝑝𝑡 and dye
concentration 𝑐 [35]:

𝐼𝑡
𝐼0

= 𝑒𝑥𝑝(−𝜀𝐿𝑜𝑝𝑡𝑐) . (4.7)

In this equation, 𝐼𝑡 is the light intensity at the exit of the sample, 𝐼0 the laser
irradiance and 𝜀 the molar absorptivity of the dye. This simply leads to the
fluorescence intensity emitted along the path of a ray of light inside a droplet
for example expressed by the following mathematical expression:

𝐼𝑓 = Φ 𝐼0 (1 − 𝑒𝑥𝑝(−𝜀𝐿𝑜𝑝𝑡𝑐)) . (4.8)

The fluorescence quantum yield Φ is the ratio of photons absorbed to photons
emitted through fluorescence. In other words the quantum efficiency gives the
probability of the excited state being deactivated by fluorescence rather than
by another non-radiative mechanism.

Many works affirm that the signal emitted by a droplet containing a fluores-
cent substance and homogeneously illuminated at a wavelength within the ab-
sorption spectrum is dependent to the droplet volume [9,10,12,13,15,16,18,36].
If a cubic volume (droplet) of side dimension 𝑑 illuminated by a homoge-
neous beam is considered, the intensity emitted through fluorescence would
be dependent to the cross-section of the cube 𝑑2 and its pathlength 𝑑. The
result is a 𝑑3 dependency of the fluorescent emission intensity. It has been
observed that this behavior was similar in spherical droplets under certain
conditions [15,17,36–38] and thus the global fluorescent emission intensity can
be expressed as:

𝐼𝑓 = 𝑘𝑓 Φ 𝐼0(𝜀 𝑐 𝑑
3) . (4.9)

Here, 𝑘𝑓 is a constant which accounts for the signal extinction inside the droplet
mainly due to auto-absorption. This dependency however is the result of differ-
ent parameters and will be the object of further investigation in section 4.4.2.

4.2.2 Light radiation propagation in turbid media

The propagation of electromagnetic waves into a collection of particles is sub-
ject to attenuation and multiple scattering phenomena. Those processes may
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induce errors when measurements of droplet size and concentration are per-
formed and depend on the scattering regime, droplet size distribution and
optical depth 𝜏 principally [26, 27, 39]. Multiple scattering is responsible of
changes in the trajectories of the photons as depicted in figure 4.5 which in-
teract with the particles causing losses in the original singly scattered signal
emitted by the droplets. This deviation of the photon mainly depends on par-
ticle size and refractive indices and can be quantified by the measure of the
optical depth.

Figure 4.5: Illustration of the propagation of light in an optically thick
medium with significant effects produced by multiple scattering.

An other process can affect the light signal which propagates in the
medium: the absorption. This process depends upon the physico-chemical
properties of the substance under study and is wavelength dependent. When
a fluorescent dye is added to the particles or droplets, the signal emitted is
directly proportional to the absorption of this substance as described in the
previous section 4.2.1. The combined effect of these two processes (scattering
and absorption) is called extinction and describes the attenuation of light trav-
eling into a turbid media. The Beer-Lambert law is commonly used to express
the extinction of light traveling into an optically thick homogeneous medium
with constant extinction along the path such that:

𝐼𝑡 = 𝐼0 exp(−𝜇𝑒 𝐿𝑜𝑝𝑡), (4.10)

where 𝐼0 and 𝐼𝑡 are the intensities of the incident radiation and the transmitted
light exiting the sample in the original direction, 𝐿𝑜𝑝𝑡 is the pathlength of the
sample under study and 𝜇𝑒 is the extinction coefficient which can be expressed
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as the sum of the scattering coefficient and the absorption coefficient:

𝜇𝑒 = 𝜇𝑠 + 𝜇𝑎 . (4.11)

Each of these coefficients is proportional to the number density 𝑁 (number
of particle per unit volume) and to the respective extinction, scattering and
absorption cross-section 𝜎𝑒, 𝜎𝑠 and 𝜎𝑎 as:

𝜇𝑒 = 𝑁 𝜎𝑒 , 𝜇𝑠 = 𝑁 𝜎𝑠 and 𝜇𝑎 = 𝑁 𝜎𝑎 . (4.12)

The optical depth 𝜏 can be defined from the two previous equations such that:

𝜏 = 𝜇𝑒 𝐿𝑜𝑝𝑡 = 𝑁 𝜎𝑒 𝐿𝑜𝑝𝑡 . (4.13)

The optical depth measures the extinction of light through a turbid media,
as shown in equation 4.13, it corresponds to the product of the number density,
the cross-section and the distance within the sample. The extinction cross-
section 𝜎𝑒 is the result of the scattering and absorption cross-sections such as:
𝜎𝑒 = 𝜎𝑠 + 𝜎𝑎 (see analogy with eq. 4.11).

For polydisperse particles much bigger than the wavelength, an equivalent
extinction cross-section 𝜎𝑒 can be introduced which is expressed as follows:

𝜎𝑒 =
1

𝑁

𝑁∑︁
𝑖

𝜋𝑑2𝑖
4

𝑄𝑒𝑖 . (4.14)

The extinction efficiency 𝑄𝑒 can be considered constant for particles much
bigger than the wavelength (𝜆 = 532 nm) and from this last expression, the
intensity of light traveling into a medium of polydisperse droplet can be written
as:

𝐼𝑡 = 𝐼0 exp

(︃
−

𝑁∑︁
𝑖

𝜋𝑑2𝑖
4

𝑄𝑒 𝐿𝑜𝑝𝑡

)︃
. (4.15)

In the case of mass fraction measurement through LIF technique, the inten-
sity of light exiting an optically thick medium has been attenuated all along
its path by both scattering and absorption. However, the multiple scatter-
ing phenomenon contorts the signals emitted by the original beam traveling
through the cloud of particles. As the photons are deviated, the information of
the incident beam is lost during the way until the detection system and some



126 Chapter 4. Mixture fraction measurement in isothermal spray

corrections are needed to recover the original information of the central part
of the beam.

4.3 Technique development and calibration

The main idea of the SLIPI technique, presented before (3.6.3), is to remove
the multiple scattering that a planar electromagnetic wave suffers in a medium
containing scatterers. This technique relies on spatial modulation of the input
light to suppress the unwanted interferences caused by multiple scattering.
Structured light has been used in fluorescence microscopy for a decade now and
it demonstrated to improve image quality and back scattering detection [40].
A couple of years ago, Breuninger et al. [41] applied a structured illumination
together with the so called Planar Laser Imaging technique and used it to
study the fluorescence spectroscopy of a biological sample.

A similar technique has been developed to suppress multiple Mie scatter-
ing in dense two-phase flows relying on the fact that the radiation remains
structured if it suffers one scattering event only. In other words, the pho-
tons that have experienced several scattering events within the medium will
lose the modulation information contained in the excitation light, while singly
scattered photons will not. The signal of the electromagnetic plane wave going
into the sample results in a normalized amplitude fringe pattern 𝑎𝑚(𝑥, 𝑦) of
the functional form:

𝑎𝑚(𝑥, 𝑦) = 1 + 𝑘𝑚𝑜𝑑 cos(2𝜋 𝜈 𝑦 + 𝜑0) . (4.16)

Where 𝑘𝑚𝑜𝑑 represents the modulation depth, 𝜈 the spatial frequency, 𝜑0 is an
arbitrary spatial phase while x and y are the two dimension coordinates. This
function of illumination will then provide a two dimensional image of intensity
𝐼𝑅(𝑥, 𝑦) according to Breuninger et. al [41]:

𝐼𝑅(𝑥, 𝑦) = 𝐼𝐶 + 𝐼𝑆 cos(2𝜋 𝜈 𝑦 + 𝜑0) . (4.17)

In this last equation, a decomposition can be done, 𝐼𝐶 is one part of the image
in which both single and multiple scattering are present. This picture (𝐼𝐶)
describes how the captured image would be if there were no spatial modulation
of the incident light. The second part of the image (𝐼𝑆) contains mainly singly
scattered photons and represents the structured illuminated image. The cosine
term is the superimpose fringe pattern of the excitation light and must be
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removed to get the clear structured image (𝐼𝑆). By changing the phase of
the modulation, the illumination will be spatially shifted while the multiple
scattering will not be affected.

Recent developments of the structured illumination technique use at least
3 phases (images) to recover the spray and suppress multiple scattering by
moving the phase a third of a period leading to relative spatial phases of 𝜑0 = 0,
2𝜋/3 and 4𝜋/3. The choice of 3 phases makes sense as the mathematical
process of suppression is straightforward (pair-wise difference) and the image
is reconstructed directly.

On the other hand, accounting for the equipment available in laboratories
working on sprays all over the world (e.g. double-pulsed laser, double-shutter
camera), a two-phase solution seems more appropriate. The two phases in this
case are shifted by half a period one to each other (relative phases would be:
0 and 𝜋). Finally, the following equation, being part of the equation presented
by Breuninger et. al [41], is the resulting signal of the Structured Planar Laser
Imaging (SPLI-2P) technique:

𝐼𝑆 =

√︁
(𝐼(0) − 𝐼(𝜋))2 . (4.18)

The resulting image is then obtained by recreating the upper envelope of the
signal as the lower envelope should go to absolute 0. In the same time, the
signal of the non-structured image referred to as conventional in this thesis
would be:

𝐼𝐶 =
𝐼(0) − 𝐼(𝜋)

2
. (4.19)

The fact that both signals are contained in the set of images previously
acquired makes all kind of comparison easy. At first, every individual phase-
image shows a global blurring effect due to the high optical depth of the dense
medium probed and therefore a large probability of multiply scattered pho-
tons. On the other hand, the singly scattered photons carry the structural
information of the phase shift and are the only left on the post-processed re-
sulting image. This process shown in figure 4.6 operates as a directional filter
and extracts most of the singly scattered photons, removing the multiply scat-
tered ones at the same time, leading to significantly improving the definition
or contrast of the image.

In addition to less equipment requirement, the two-phase process showed
not to be as much affected as by a mis-shifting of the phases and is therefore
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Figure 4.6: Schematic of the conventional and Structured Planar Laser Imag-
ing (SPLI-2P) methodologies. The signals are shifted by half a period.

more robust for multiple scattering removal.

4.3.1 Design of a specific experiment

To evaluate both the conventional and the Structured Planar Laser Imaging
techniques, measurements have been performed in a controlled environment,
constituted by fluorescent spherical particles of known size. The particles
have been homogeneously dispersed in distilled water and the concentration
adjusted by weighing the amount of particles and water. The measurement
volume consisted of an optical glass cuvette (optical paths: 44 × 34 × 100
mm3) containing a mixture of water and particles of approximately 100 ml; to
achieve a homogeneous solution, a magnetic stirrer was used continuously in
the cuvette during the experiments. Three particle sizes were studied (7, 15
and 32 µm) and for each solution three different optical depths were investi-
gated (2, 4 and 6). In addition to this, different sections within the cell were
probed (2, 12, 22 and 32 mm) to study the influence of the optical thickness
between the laser-sheet and the detection system.

Even if there is no time scale specificity for such experiment, in order to
hold the relationship with further tests in sprays, a frequency-doubled Nd:YAG
laser was used to generate a pulsed laser beam. A laser-sheet has been created
by a combination of spherical and cylindrical lenses and the spatial modulation
was created by imaging a Ronchi grating (10 lp/mm) onto the sample. Beam
blocks have been used to remove the higher order of frequency generated by
the Ronchi filter and the phase shifting was managed by tilting a glass plate
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placed directly after the Ronchi grating. Another glass plate has been located
right before the cuvette to acquire the real intensity of the laser from test to
test in order to normalize the signal intensity. A sketch of the experimental
setup is presented in figure 4.7. The laser power has been carefully set in order
to avoid saturation of the fluorescent signal emitted by the particles as this
would affect the propagation of light and therefore induce a deviation from the
Beer-Lambert law.

Figure 4.7: Schematic of the experimental arrangement used to acquire Struc-
tured Planar Laser Imaging signals in controlled test situation. The Cuvette
is moved to change section position (2, 12, 22 and 32 mm).

The images were acquired with a 14-bit Andor iXon camera with a res-
olution of 512 × 512 pixels equipped with a 50 mm Nikkor objective. The
contribution of the multiple scattering has been kept really low by decreas-
ing the collection angle of the system, this has been achieved by adjusting
the diaphragm of the objective to an 𝑓/# = 8. Reducing the collection an-
gle actually increases the depth of field, thus limiting the performance of the
SPLI-2P technique; however, an improvement has been observed on removing
multiple scattering globally. LIF and Mie signal were acquired and the scatter-
ing processes were isolated using an interference filter for the elastic scattering
(centered on 532 nm) and a long-pass filter for the fluorescent emission (570 nm
cut-off, transition width below 5 nm). An amount of 500 images were acquired
per phase, meaning a total of 1000 images for each experimental condition in
order to get statistically repetitive images. Sample images acquired with this
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setup for both Mie and LIF are shown in figure 4.8, note that the power can
be recorded only for Mie as the filter blocks the elastically scattered light.

Figure 4.8: Sample images recorded with the Structured Planar Laser Imaging
setup used for Mie (left) and LIF (right). The intensity profile of the laser-
sheet is displayed on the left side of the image.

The intensity of the incident light is displayed and shows that the profile of
the modulated illumination is mainly uniform and can be considered as "top-
hat". Due to the number of images used to average the results and the stability
of the solid-state laser, the illumination profile should be really similar from
one test to another.

As explained in the previous section, either conventional or Structured Pla-
nar Laser Imaging processes can be obtained with such an experimental setup,
the next two sections present the analysis and comparison of both methodolo-
gies.

4.3.2 Evaluation of the conventional PLI in known situation

There are several studies that address the accuracy of the Planar Laser Imaging
techniques in turbid media like Diesel sprays pointing out the effects of multiple
scattering of light [24, 42]. The concept of the methodology used in this work
is to control the medium to have an exact idea of the results and see if the
Planar Laser Imaging techniques as they are generally applied provide correct
results.

Figure 4.9 presents the resulting conventional images for both scattering
processes, i.e. Mie and fluorescence for the 15 µm particles. This sample has
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Figure 4.9: Conventional planar resulting signals for Mie (left) and LIF
(right). Particle diameter is 15 µm, optical depth (𝜏) is 4 and illumination
is placed at 12 mm from front wall.

been extracted from the measurement done at the intermediate concentration,
equivalent to 𝜏 4 and when the laser-sheet was at 12 mm from the front wall
of the cuvette. As no special process is done to get those images, these two
pictures represent the signals obtained by a standard setup to acquire LIF and
Mie. At first, it can be noticed that both images show signal variations from
one location to another although the illumination and the particle concentra-
tion is assumed uniform. As the intensity of the LIF signal is theoretically
proportional to the mass of dye illuminated, the signal should be uniform as-
suming that the concentration of dye is uniform among all the particles and
that the particles are evenly dispersed in the cuvette. Figure 4.10 shows the
profiles of the intensity recorded along the laser path for the condition pre-
sented earlier (15 µm, 𝜏 4); a vertical summation over the illumination area
has been done. The four different positions of the laser-sheet in the cell are
presented together on these plots referring to the two acquired signals: Mie
scattering and fluorescent emission.

The results clearly demonstrate that the signals are not uniform along the
cell as introduced before and supported by figure 4.9. When the illumination
plane is moved deeper into the cuvette, the multiple scattering and light ex-
tinction become more predominant and the signal recorded by the CCD is not
uniform. In addition to this, the difference observed between Mie and LIF
signals emphasizes the uncertainties concerning eventual LIF/Mie ratio to get
maps of particle size. A 2-D map of the droplet size (SMD) is presented in
figure 4.11, the size of the particles has been adjusted with the left side of the
cell (laser-sheet entrance) as a reference.

The LIF/Mie ratio could be a good example to demonstrate the accuracy
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Figure 4.10: Intensity profiles along laser path for Mie (𝑙𝑒𝑓𝑡) and LIF
(𝑟𝑖𝑔ℎ𝑡). Vertical summation of the illumination region. (15 µm and 𝜏 =
4).

Figure 4.11: Sauter Mean Diameter map for the conventional Planar Droplet
Sizing (PDS) technique. The laser-sheet is at 2 mm from the front wall. (15
µm and 𝜏 = 4).
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of the Planar Laser Imaging techniques in optically thick media. The results
show that even at the closest location from the front wall, meaning that the
extinction of light between the laser-sheet and the CCD is almost negligible,
the ratio of the fluorescent emission and the Mie scattering is not uniform
within the illumination plane. Table 4.1 presents the standard deviation of
the Sauter Mean Diameter of the particles for the different conditions tested.

Table 4.1: Standard deviation of the Sauter Mean Diameter for the conven-
tional PDS technique.

This discrepancy of the results has been observed and analyzed in other
works [26, 27] and they show that the error on the LIF/Mie ratio because of
the high number density and therefore multiple scattering in such situations
can be higher than 25 %. These results are in agreement with table 4.1 and
demonstrate that other solutions must be found to perform quantitative mea-
surement in optically dense media.

4.3.3 Scattering correction via Structured Planar Laser Imag-
ing

The effectiveness of the Structured Planar Laser Imaging method has been
investigated the same way, using the fluorescent particles and under the exact
same situation as explained earlier in this chapter (sec. 4.3.1). By canceling
the noise coming from the multiple scattering of light within the medium, the
intensity along the laser-sheet can be extracted, therefore this signal should
follow an exponential decay has described by the Beer-Lambert’s law. Fig-
ure 4.12 presents the resulting signals obtained for both Mie and LIF when
the SPLI-2P is applied. The conditions are the ones that have been used
with the conventional technique presented above, all the images have been
corrected from vignetting due to imperfections of the acquisition system. In
addition to this, a slight correction has been applied to compensate the sig-
nal non-uniformity due to scattering phase function angular dependency, this



134 Chapter 4. Mixture fraction measurement in isothermal spray

produces the intensity scattered in the perpendicular region to be slightly dif-
ferent from one side of the cuvette to another. A scattering phase function
can be assumed to adjust the intensity along the path of the laser-sheet, the
scattering phase function is not very sensitive to change in diameter within
the range considered for Diesel sprays.

Figure 4.12: Two-dimensional signals extracted from the Structured Planar
Laser Imaging technique for Mie (left) and LIF (right). Particle diameter is
15 µm, 𝜏 is 4 and laser-sheet is at 12 mm from front wall.

The images look consistent from the laser entrance (left side) to the exit of
the cell (right side); as expected, the intensity of both signals decreases as long
as the laser radiation travels into the medium. Figure 4.13 shows the intensity
profiles of the two previous images along the laser path, these curves are the
result of a vertical summation of the images. The exponential tendency of
the decays appear clearly on this figure as expected from the definition of the
Beer-Lambert’s law.

The intensity of these profiles is different depending on the position in the
cell, in other words, the distance from the front wall. It is obvious that the
intensity of the light scattered by the laser-sheet at 90∘ toward the CCD has
to go through the particles between the illumination plane and the front wall
of the cuvette. The light is therefore extinguished and once again, this decay
would follow the Beer-Lambert’s law of extinction. As a first approximation,
this extinction from the laser-sheet to the CCD can be assumed to be the
same, this allows us to make the ratio of the two signals to check if the Planar
Droplet Sizing (PDS) technique works in the case of the Structured Planar
Laser Imaging. Figure 4.14 shows a 2-D map of droplet size (SMD) when
SPLI-2P technique is applied.

The ratio of the two scattering processes looks uniform over all the illu-
mination plane, meaning that the particle diameter is the same anywhere in
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Figure 4.13: Intensity profiles recorded for Mie and LIF extracted by SPLI-2P
technique compared to the theoretical decay (Beer-Lambert law).Illumination
plane is at 12 mm from front wall.

Figure 4.14: Example of Sauter Mean Diameter map obtained by PDS when
the SPLI-2P technique is applied. Laser-sheet is at 22 mm from the front
wall. (15 µm, 𝜏 = 4).
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the laser-sheet region. This is a great improvement as the SPLI-2P technique
seems capable of providing satisfactory results even in optically dense media
as shown in table 4.2.

Table 4.2: Standard deviation of the Sauter Mean Diameter for the PDS
technique when Structured Planar Laser Imaging is applied.

On the contrary to the results presented in table 4.1, the Structured Planar
Laser Imaging technique demonstrates its capability for both scattering pro-
cesses. With a maximum average standard deviation about 5 %, the SPLI-2P
method makes possible to measure the size of the particles directly. However,
the ratio of fluorescent emission and Mie scattering presents the advantage of
being auto-calibrated, some considerations have to be made concerning direct
measurements using one signal only.

4.3.4 Further considerations for quantitative measurements

The light intensity radiated by the illumination plane is required for mea-
surements using only one signal, either Mie or LIF. Figure 4.13 presented the
acquired intensity profile of the light scattered by the particles on the path
of the laser-sheet toward the CCD. The intensity recorded by the camera is
different depending on the position of the laser-sheet in the cuvette. The posi-
tion of the laser-sheet changes the extinction of light between the illumination
plane and the CCD, this extinction of light is therefore needed to recover the
radiated intensity of the light scattered on the illumination plane.

From its cubic geometry, the cuvette makes this process easy as the light
extinction will be the same from the entrance of the laser-sheet (left side) to
the exit (right side). Therefore, only two positions of the illumination plane
are needed to get the optical depth between laser-sheet and CCD, we choose
four positions in order to verify that the optical depth is linear with path
length. The following equation gives the optical depth (𝜏), considering 𝐼0 the
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intensity scattered by the laser-sheet toward the collection system and 𝐼𝑡 the
transmitted intensity detected by the acquisition system:

𝜏 = ln
𝐼0
𝐼𝑡

. (4.20)

The difference between two positions in the cuvette then provides the rel-
ative optical depth and as the number density and particle size are held any-
where in the cell, the global optical depth can be calculated. The optical depth
along the distance between the laser-sheet and the front wall of the cuvette is
plotted in figure 4.15.

Figure 4.15: Measured optical depth (𝜏) in the cuvette between the illumi-
nation plane and the collection system for both Mie and LIF. (15 µm, 𝜏 =
4).

The optical depth between the front wall and the closest position of the
illumination plane has actually been estimated through a linear fit of the other
positions. From this, it is possible to assume that the extinction of light
between the cuvette and the CCD is negligible, this seems reasonable as the
electromagnetic wave is traveling into air at ambient density.

As the optical depth and therefore the extinction of light between the
illumination plane and the collection system is known, the decays presented in
figure 4.13 can be adjusted. The decay recorded at 2 mm has been normalized
and the other decays have been adjusted with their respective optical depth
depending on the relative position to the reference one. Figure 4.16 shows
the normalized resulting decays together with the theoretical decay calculated
using the Beer-Lambert law for the specific condition tested.
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Figure 4.16: Normalized profiles for Mie and LIF along laser-sheet path.
Theoretical decay computed with the experimental 𝜏 . Vertical summation of
the illumination region. (15 µm and 𝜏 = 4).

When adjusted with their respective optical depth, the signals appear to
be really close. In addition, the theoretical decay extracted from the Beer-
Lambert law agrees from the entrance to the exit. The precision and accuracy
of the SPLI-2P technique have been investigated for all tested conditions. The
concept of precision here is matched between the decays no matter the position
of the illumination plane in the cell. The reference is 2 mm from the front
wall as the extinction toward the collection system is lower, the other signals
corresponding to further position in the cuvette have been then compared to
this reference. The results for both Mie and LIF, presented in table 4.3, shows
how good the signals match (being 100 % perfect match of the signals all along
the cuvette).

The precision of the technique is quite impressive, the decays are coinciding
almost perfectly anywhere in the cell. Under some specific conditions, when
optical depth is high, the signal recorded goes down to the limit, i.e. close to
zero and the precision of the technique starts to decrease. This represents one
limitation of the SPLI-2P that when the optical thickness of the medium is
too high, there is no signal modulation left and the SNR gets lower.

The accuracy of the technique has been evaluated in a similar way, the
reference decays being in this case the results of the theoretical calculation.
The normalized and adjusted signals have been compared to the decays ex-
tracted from the Beer-Lambert law of extinction; and finally, the results of the
SPLI-2P accuracy are presented in table 4.4.

The measured decays are really close to the theoretical one, this demon-
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Table 4.3: Results of the precision of the Structured Planar Laser Imaging
technique for both Mie and LIF. The reference decay has been recorded at 2
mm.

Table 4.4: Estimation of the accuracy of the Structured Planar Laser Imaging
technique for both Mie and LIF. The reference decay has been calculated with
Beer-Lambert law.

strates the effectiveness of the Structured Planar Laser Imaging technique used
here. In addition to this, the same comments as can be made concerning the
limitation of the SPLI-2P technique in terms of accuracy as those already
made regarding the precision of the technique. The accuracy of the resulting
intensity radiated by the laser-sheet starts to decrease for high values of the
optical depth, i.e. high number density and particle cross-section combination.

Experimental versus theoretical comparison demonstrates the Structured
Planar Laser Imaging to provide accurate and precise information concerning
the illuminated region in optically thick solutions. From the intensity radiated
by the particles present on the illumination plane, the number density can be
extracted. Berrocal et al. [43] used SLIPI technique to evaluate the extinction
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coefficient 𝜇𝑒 in a spray taking into account the extinction of light between
laser-sheet and acquisition system. The extinction coefficient is the product of
the extinction cross-section 𝜎𝑒 and the number density 𝑁 of the particles at
a specific location as presented in equation 4.12. Therefore, if the extinction
cross-section is known, the number density can be calculated. Considering
equation 4.14 for a single element, the extinction cross-section is a function
of particle diameter and extinction efficiency 𝑄𝑒, which is constant for such
particles as depicted in figure 4.3. The diameter of the particle is obtained
via LIF/Mie ratio as demonstrated earlier in this section (see fig. 4.14 and
tab. 4.2). By introducing this concept in the expression of the Beer-Lambert
law presented in equation 4.10, the number density of the particles within the
sample of interest can be extracted:

𝑁 = − ln
𝐼0 − 𝐼𝑟
𝐼0

1

𝐿𝑜𝑝𝑡 𝜎𝑒
, (4.21)

where 𝐼0 and 𝐼𝑟 are the intensities of light entering the media and radiated
by the laser-sheet respectively, and 𝐿𝑜𝑝𝑡 the length of the sample under study
or the dimension of the cuvette in this case. By dividing the cell into several
discrete elements of the size of a pixel for example and applying the expression
of the number density all along the illumination plane, a 2-D map of the
number density 𝑁 can be generated. This can be achieved by replacing 𝐼0,
𝐼𝑟 and 𝐿𝑜𝑝𝑡 in equation 4.21, 𝐼0 being the intensity entering the pixel, 𝐼𝑟 the
intensity radiated by the pixel and 𝐿𝑜𝑝𝑡 the size of the pixel. Figure 4.17 shows
the results of the number density calculated from the decays (Mie and LIF)
extracted from the SPLI-2P technique.

These profiles are vertical averages of the images on the laser-sheet region.
The results demonstrate the capability of the technique to recover the num-
ber density of the particles through the decays extracted from the SPLI-2P
technique. It can be noticed that the resulting number density appears to
be closer to the theoretical one through LIF process rather than through Mie
scattering. As introduced earlier, correcting the anisotropy of the scattered
intensity all around the droplet surface is complex because it depends upon
several parameters that cannot be controlled in some situations. Even if the
optical system has been setup in order to reduce the multiple scattering ef-
fect to the limit, its influence still affects the recorded signal. On the other
hand, the LIF signal does not present anisotropy of the radiation emission and
therefore presents clear advantage to perform quantitative measurements in
polydisperse particle/droplet distributions.
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Figure 4.17: 2-D number density maps for Mie (left) and LIF (right) at
22 mm from front wall. Number density profiles along laser path (bottom),
theoretical has been calculated by actual optical depth. (15 µm, 𝜏 = 4).

From the particle diameter and the number density, the particle concen-
tration or volume-mass fraction can be calculated. This methodology is the
object of the next-coming section, in which SPLI-2P is applied to a DI Diesel
spray with the aim of measuring the fuel mass fraction on the illumination
plane.

4.4 Application to sprays

The Structured Planar Laser Imaging technique has shown its efficiency in
controlled test situations with relatively high optical depth alike conditions
found in a modern DI Diesel spray. This methodology will therefore be applied
to measure the fuel mass fraction of a non-evaporative Diesel spray. The
differences with the medium simulated by the particles are various:

� The diameter of the droplet is not known and not uniform within the
sample. As addressed by the theory of the technique, the droplet diame-
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ter must be known to calculate the number density and the concentration
correctly. However, the tests demonstrated that the results extracted
from LIF/Mie ratio were still valid with polydisperse particles.

� The number density also changes according to the position in the spray,
for example, considering the results found in the literature, the concen-
tration of droplets on the center-line of the spray is higher. There is
a dramatically high gradient of number density in a spray making the
dynamic response of the system a real issue.

� If the number density is dependent upon the distance from the center-
line for example or upon the distance from the orifice, a methodology is
required to estimate the extinction of light from the illumination plane
to the optical system.

As outlined here, a complete calibration of the system is required, after
a brief presentation of the equipment and setup used for this work, the basic
parameters of the fluorescent emission, e.g. absorption and emission spectra,
lifetime, quantum yield, will be investigated. To finish, an evaluation of the pa-
rameters driving successful Planar Droplet Sizing measurements will be carried
out. These parameters, d-cube dependency for example, are also paramount
for fuel mass measurements.

4.4.1 Experimental setup

The experiments concerning the visualization of the spray have all been per-
formed in the cold spray test rig presented in section 3.4.1. The spray has been
generated by a purposely-designed injection system described in section 3.2
capable of keeping the pressure constant with control and accuracy. An addi-
tional equipment has been designed to control the temperature of the injector
as this may affect the fluid and the hydraulic properties of the injector itself,
this would therefore have an impact on the behavior of the injection process
and on the structure of the spray.

Light source and laser-sheet generation

To illuminate the spray with accuracy and precision, a pulsed Nd:YAG laser
(Continuum - Surelite II ) has been used. This type of laser is called solid-state,
it is represented by a crystal of YAG (Yttrium Aluminum Garnet) doped with
triply ionized Nd (Neodymium) as used in numerous lasers all over the world.
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The flash lamp network is a Xenon-based one with a flash duration of about
200 µs. The control system of the laser, called Q-switching, is able to restrain
the laser radiation propagation inside the optical resonator until it reaches its
maximum intensity (reached at 198 µs). It is composed of a Pockels effect cell,
a quarter-wave plate and a linear polarizer (reflecting the light at 99.9% for a
90º polarized radiation and 99.9% transparent for a 180º polarized radiation).
To avoid the laser radiation, it is just necessary to electrically deactivate the
Pockels cell, so that the radiation pass through the quarter-wave plate twice,
letting it 90º polarized, thus the polarizer only reflects it. Thanks to this
mechanism, it becomes possible to get pulses by triggering the activation of
the Pockels cell.

After these elements, a relatively short pulse has been generated at a wave-
length of 1064 nm. As all the previous tests have been done using 532 nm
wavelength, the same frequency has been used to light the spray, for this, the
second harmonic generator has been utilized. The frequency doubler is a crys-
tal network (𝐾𝐷𝑃 and 𝐾𝐻2𝑃𝑂4) which acts like a nonlinear material making
the input electromagnetic radiation to double its energy and frequency thus
reducing its wavelength by a factor of two [44]. After this element, the beam
is composed by both the fundamental, i.e. 1064 nm, and the harmonic gener-
ated by the frequency doubler, in other words, the wavelength of interest: 532
nm. The fundamental is then removed by placing dichroic mirrors on the path
of the beam toward the exit, figure 4.18 is a scheme of the optical layout of
the laser source used in this work. In this study, the pulse duration has been
measured via an ultra-fast photodiode and revealed to be as short as 5ns.

Figure 4.18: Schematic of the optical layout of the Nd:YAG laser source.
(𝑆𝑜𝑢𝑟𝑐𝑒 : 𝐶𝑜𝑛𝑡𝑖𝑛𝑢𝑢𝑚)

After exiting the laser, the beam has been steered toward the measure-
ment section with three high-efficient (99.5 % at 532 nm) laser-line mirrors.
The laser-sheet used to cut sections of the spray has been generated by three



144 Chapter 4. Mixture fraction measurement in isothermal spray

cylindrical BK7 lenses. The first lens (FL = 500 mm) compresses the beam
on the vertical dimension and is responsible of the thickness of the laser-sheet,
the second one (FL = -10 mm) opens the beam on the horizontal direction to
create a sheet. The third lens (FL = 100 mm) purpose is to concentrate the
laser-sheet again and achieve parallel rays. The last element on the laser-sheet
path is a sine-pattern filter that gives the illumination plane its structural
behavior. The laser-sheet goes through this pattern and the spray is then
illuminated by a spatial sinusoidal modulation with a period of 2 mm.

Figure 4.19: Illustration of the optical setup used in this study. The Nd:YAG
laser is on the right (gray) and the testing section on the left (drawing lines).

Figure 4.19 presents an illustration of the optical arrangement used in
this study. The characteristics of the illumination plane have been carefully
specified as the objective was to get a laser-sheet thinner than the orifice of
the injector, this in order to light all the spray on the central plane. The
laser-sheet used in this study was 48 mm wide and 82 µm thick at the spray
axis location, as a reminder, the diameter of the nozzle’s orifice is 90 µm. The
thickness has been measured by the knife method [45] with an accuracy of
about 2 µm. The intensity profile along the axis of the spray has also been
recorded in order to make further corrections if needed.
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Imaging system

The main organ of the acquisition system is a 12-bit CCD camera (PCO -
Sensicam), the sensor has a resolution of 1376 × 1040 to ensure a relatively
high pixel to millimeter ratio. The CCD chip is kept at a temperature of -
11ºC thanks to a Peltier cell to reduce thermal noise. The images are saved
individually in 16-bit tiff format not to lose information. The exposure time of
the camera has been set to 1 µs keeping the flare of the external environment
as low as possible. Note that the laser power being relatively high compared
to the ambient luminosity, the final gate of the image would be the laser pulse
duration (about 5 ns).

The camera is equipped with a 60 mm focal length objective (Nikkor Lens).
To make the spray experiment alike the simulation done with the particles, the
collection angle has been set really low to reduce the effect of the multiple light
scattering on the results. For this purpose, the diaphragm of the objective has
been shut down to 𝑓/# = 8, being the final collection angle of the acquisition
system as low as 23 mrad.

The same filters have been used to separate the two scattering processes:
Mie (532 nm interference filter) and LIF (570 cut-off long-pass filter). The
dynamic range of the acquisition system has been adjusted by the addition
of neutral density filters to better use the capabilities of the camera. For
each phase, an amount of 100 images have been acquired to get statistically
repetitive images, the images are acquired individually and the process of
averaging is realized during the SPLI-2P image treatment.

The last element of the experimental apparatus set up to record the images
of the spray via Structured Planar Laser Imaging is the electronic synchroniza-
tion system. This equipment is necessary due to the really short time of the
event, some milliseconds for the injection, some nanoseconds for the laser pulse.
This purposely designed control system is based on a 16-bit micro-controller
which communicates with a PC and generates the Transistor-transistor logic
(TTL) signals to trigger the injection, the flash-lamp and Q-switch of the laser,
and the camera.

Choice of fluorescent dye

The fuel used in this study being a pure alkane (n-dodecane), it does not absorb
light and therefore, does not emit any fluorescent signal. A dye must be added
to the fuel to record the corresponding fluorescent signal; Sulfo-rhodamine B
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has been chosen to dope the pure fuel because as many other dyes, it absorbs
light at 532 nm. A dye absorbing light at 532 nm was the main parameter
for the choice of the fluorescent dopant as all the previous experiments and
calibrations have been carried out at this wavelength. In addition, as 532 nm
is within the visible range, the alignment procedure becomes easier and as a
result, the quality of the illumination plane is better.

Sulfo-rhodamine B has a high fluorescence efficiency which means that only
a small quantity would be necessary to collect enough fluorescent signal when
excited by a pulsed Nd:YAG laser. Experiments to check both the fluorescent
emission intensity and the non-existence of Morphology Dependent Resonance
(MDR) have been carried out. The probability of MDR mainly depends upon
the concentration of dye as long as droplet size and laser wavelength are input
parameters of the system. If the absorption of the dye within the droplet is
too low, resonance may occur; it has been observed however that for such a
concentration of dye, the existence of MDR was very limited [46, 47]. When
MDR exist, the droplets act like a resonating optical cavity and the result is
an amplification of the emitted fluorescent signal, intensity peaks are present
on the recorded image. Therefore, the dye content must not be either too
low (MDR appearance) or too high (high absorption and 𝑑3 dependency not
respected). Finally, the experiments revealed that the optimum quantity of
Sulfo-Rhodamine B to be added to the fuel was 12 mg/L, which is in agreement
with quantities used for LIF experiments found in the literature [17,20,36,38,
48].

On the other hand, Sulfo-rhodamine B is not directly miscible with fuel
and to achieve a complete and stable dilution of the dye, it has been dissolved
into ethanol (1 % in volume) and the mixture has been incorporate to the
n-dodecane. The mechanical fluid characteristics (e.g. density, viscosity and
surface tension) of the fuel have been measured and showed that the doped
fuel obtained presents the same properties as pure n-dodecane (see tab. 3.1 for
more information).

4.4.2 Fluorescence properties of the dyed fuel

The characteristics of the fluorescent signal are determinant for the calibration
of the system. Sulfo-rhodamine B is a kind of Xanthene dye, its properties in
terms of fluorescent emission mainly rely on solvent polarity, dye concentration
and pH value of the mixture [49]. Table 4.5 shows the chemical structure of
the Sulfo-rhodamine B together with the main parameters of interest in this
study.
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Table 4.5: Chemical structure and general characteristics of the Sulfo-
rhodamine B molecule.

The fluorescence properties are investigated here through measurements of
absorption and emission spectra, quantum yield and lifetime to better under-
stand the process of fluorescence of such a dye in n-dodecane. The absorption
coefficient will be calculated from the results as well and the linearity of the
fluorescent signal intensity will be checked as the methodology relies on non-
saturated fluorescent emission.

Absorption and emission spectra

The spectra for absorption of light and fluorescent emission have been deter-
mined with a photon-counting spectro-fluorometer (Photon Technology Inter-
national - QuantaMaster 40 ). The wavelength to excite the Sulfo-rhodamine B
in n-dodecane has been set to 532 nm as the experiments will be performed at
this frequency with the Nd:YAG laser used in this work. Figure 4.20 presents
the fluorescent emission signal as a function of wavelength together with the
molar absorption coefficient.

The spectra of the filters used to collect the fluorescence and Mie scattering
signals are displayed and show that there is no overlapping of the signals. As
seen on the graph, the maximum absorption of the dye in n-dodecane occurs at
556 nm, which agrees with the literature [50] for Sulfo-rhodamine B dissolved
in ethanol, remind that the dopant has been dissolved in ethanol prior to
addition to the fuel. Concerning the fluorescent emission, when excited at
532 nm, the Sulfo-rhodamine emits radiation with a peak at 577 nm, which
is slightly higher than the cut-off transition wavelength of the filter used (570
nm long-pass).
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Figure 4.20: Molar Absorptivity and fluorescence emission spectra of the
Sulfo-rhodamine B. Note that the signals are presented on distinct intensity
scales.

Fluorescence quantum yield and absorption coefficient

As quickly expounded in the theoretical section 4.2.1, the fluorescence quan-
tum yield Φ is given as the ratio of the number of photons emitted to the
number of photons absorbed by the sample and is conceptually represented in
expression 4.22.

Φ =
#𝑃ℎ𝑜𝑡𝑜𝑛𝑠𝑒𝑚
#𝑃ℎ𝑜𝑡𝑜𝑛𝑠𝑎𝑏𝑠

(4.22)

It can also be described as the relative rates of the radiative 𝑅𝑟 over the
radiative and non-radiative 𝑅𝑛𝑟 processes. The radiative process is responsible
of radiation emission via fluorescence whereas the non-radiative ones deactivate
the excited state of the molecule.

Φ =
𝑅𝑟

𝑅𝑟 +
∑︀

𝑅𝑛𝑟
(4.23)

∑︀
𝑅𝑛𝑟 describes the sum of the rate for the various processes that compete

with the emission process. These processes, reducing the fluorescent emis-
sion efficiency include photochemical, dissociative processes and others less
well characterized that result in a return to the ground state with simultane-
ous dissipation of the energy of the excited state into heat instead of visible
radiation.
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The quantum yield is therefore strongly dependent upon the medium in
which the dye has been dissolved and it must be measured specifically. A
widely used solution to determine the quantum yield of a fluorophore is to
compare the fluorescent signal intensity to a standard or reference with known
quantum yield. As Sulfo-rhodamine B is frequently used as a laser dye for
pulsed and continuous wave (CW) operations, its properties (generally dis-
solved into water) have been investigated [51]. In that way, Sulfo-rhodamine
B dissolved into water has been chosen as our reference to determine the quan-
tum yield of the Sulfo-rhodamine B mixed with n-dodecane. When a reference
quantum yield is known, the quantum yield of the sample under study can be
calculated via equation 4.24 [52].

Φ = Φ𝑟𝑒𝑓
𝐼0
𝐼𝑟𝑒𝑓

𝜏𝑟𝑒𝑓
𝜏

𝑛2

𝑛2𝑟𝑒𝑓
, (4.24)

where 𝐼0 is the intensity of the incident radiation, 𝜏 the optical depth as
expounded in equation 4.13 and 𝑛 the refractive index of the fluid. The sub-
script "𝑟𝑒𝑓" refers to the reference, i.e. the Sulfo-rhodamine B dissolved into
water. The values of the refractive indices measured and used for the calcu-
lation were: 𝑛𝑟𝑒𝑓 = 1.335 for water with Sulfo-rhodamine B at 532 nm and
n = 1.422 for n-dodecane doped with Sulfo-rhodamine B at the same wave-
length. The optical depths have been measured by placing the two solutions
into optical cuvettes, the intensity signals have been recorded by a high-power
photo-diode. The light source was the pulsed Nd:YAG laser already described
earlier in section 4.4.1 and the same interference filter (532 nm) has been used
to be consistent with the imaging process. Note that the measurements done
to characterize the fluorescence quantum yield of the n-dodecane plus Sulfo-
rhodamine B have been performed at ambient condition (1 atm and 293 K).

The quantum yield of the reference sample is Φ = 0.31 [53–55] and thanks
to equation 4.24 and the optical depth measurements done, the quantum yield
of the Sulfo-rhodamine B into n-dodecane is Φ = 0.68. As the dye has been
dissolved into ethanol, a high quantum yield had to be expected. On the other
hand, the quantum yield of the fluorescence emitted by the Sulfo-rhodamine
B is higher in n-dodecane than in water; higher quenching in water might
explain this aspect. This fact that the water acts as a fluorescent quencher has
been highlighted by several researchers [56–58], they basically observed that
the quantum yield was decreasing with the water content.

From the measurements of optical depth, the molar absorptivity of the fluid
can be extracted as described in equation 4.10. In order not to change the
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concentration of dye, to avoid potential changes in photochemical processes
at lower Sulfo-rhodamine quantity, cuvettes of different optical paths have
been used to obtain the optical depth and therefore extract the absorption
coefficient. When excited at 532 nm, the solution of n-dodecane with 0.012 g/L
(2.07× 10−5 mol/L) of Sulfo-rhodamine B has a molar absorption coefficient of
𝜀 = 4.16×104 m2/mol. This value of the molar absorption coefficient agrees with
the results provided by the photon-counting spectro-fluorometer and according
to the literature [46, 47], it should avoid Morphology Dependent Resonance
(MDR) phenomenon.

Fluorescence lifetime

The average time within which the molecule stays at its excited state and
therefore emits red-shifted electromagnetic radiation is called the fluorescence
lifetime. As briefly introduced previously, a fluorophore excited by a photon
will drop to the ground state with a certain probability based on the decay
rates through a number of different (radiative and/or non-radiative) decay
pathways.

The lifetime is independent upon the initial intensity of the emitted
light and has been measured by an L-format cuvette-based lifetime spectro-
fluorometer (PTI, TimeMaster LED TM-20 ) capable of making fluorescence
lifetime measurements with a temporal resolution of 100 picoseconds. In the
following expression, Γ is the decay rate which is the inverse of the fluorescence
lifetime, and 𝐼𝑓 is the intensity of the fluorescence signal with respect to the
time 𝑡𝑙𝑡:

𝐼𝑓 (𝑡) = 𝐼𝑓 (𝑡 = 0) exp(−Γ𝑡) . (4.25)

The initial time (𝑡 = 0) is the time of the excitation pulse, the lifetime can
also be calculated by the subtraction of the excitation time length to the flu-
orescence lifetime of the sample under study. The lifetime has been measured
at the wavelength of the maximum fluorescent emission, which means at 𝜆 =
577 nm (see fig. 4.20).

The measured decay of the fluorescent emission signal with respect to time
at 293 K provided a fluorescence lifetime of 3.6 ns when Sulfo-rhodamine B
is added to n-dodecane. As a comparison, the fluorescence lifetime of Sulfo-
rhodamine B dissolved into water has been measured to be 1.8 ns, which is
consistent to what can be found in the literature for such a dye [51,59].
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4.4.3 Theoretical evaluation of the PDS parameters

The Planar Droplet Sizing relies on collecting the scattered light and the fluo-
rescent emission of an ensemble of droplets to make the ratio of both intensi-
ties to provide a 2-D map of Sauter Mean Diameter. This technique therefore
assumes that the collected intensity of the scattered light is proportional to
the total surface of a droplet and that of the fluorescence proportional to the
droplet volume.

Serious works have been already carried out to evaluate the veracity of
these two assumptions [15, 36], but the 𝑑2 and 𝑑3 dependencies are strongly
affected by the dye content and careful analysis is required prior to Planar
Droplet Sizing experiments. This section presents the evaluation of these two
main parameters that govern the PDS technique through theoretical calcula-
tion based upon experimental results.

Scattered light vs. droplet surface

As shown in equation 4.6, the intensity of the light scattered by a droplet
much bigger than the wavelength is proportional to the square of its diameter
in theory and follows the expression drawn here:

𝐼𝑠 = 𝑘𝑀𝑖𝑒 𝑑
2, (4.26)

where 𝐼𝑠 is the intensity of the scattered light, 𝑘𝑀𝑖𝑒 a constant mainly depend-
ing on the incident light intensity and the collection efficiency of the system,
finally, 𝑑 is the droplet diameter. The intensity of the light scattered by a
droplet illuminated by a single beam of parallel rays has been studied by many
authors and generally showed good agreement [15,20,36]. However, due to the
presence of a dye in the fluid, the molecular absorption affects the intensity of
the light traveling inside the droplet and thus the global scattered intensity.

The Mie scattering theory published by Bohren and Huffman [30] has been
used to compute the dependency of the scattered intensity with droplet surface
(square diameter). The optical setup of the experimental installation presented
in section 4.4.1 has been reproduced to simulate the signals with consistency.
The acquisition system is then placed at 90∘ with respect to the incident
illumination, this angle being optimum for sizing measurements [21]. The
collection angle, for integration of the signal over the area of acquisition, has
been set to 23 mrad (𝑓/# = 8) as in the experiments. The wavelength of the
light source was 532 nm and the refractive index measured earlier (𝑛 = 1.422)
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as well as the molar absorptivity (𝜀 = 4.16 × 104 m2/mol) have been used as
inputs to the simulation.

Figure 4.21: Scattered light intensity as a function of droplet diameter for n-
dodecane doped with Sulfo-rhodamine B. The curve has been fitted to measure
the exponent on the droplet diameter.

The intensity of the scattered light as a function of droplet diameter is
plotted in figure 4.21 together with the best fit in order to extract the exponent
over the droplet diameter. As shown on the figure, the simulated scattered light
and the fitting match all along the range of droplet diameters used (from 1 to
100 µm). The best match between scattered light and fitting has returned an
exponent coefficient of 2.000 which means that absolutely no deviation from
the d-square law is observed.

Fluorescent emission vs. droplet volume

The fuel mass fraction of a liquid spray can be assumed and acquired only when
the intensity of the fluorescence signal is linearly dependent to the cube of the
droplet diameter as expounded in equation 4.9. This dependency has been
deeply studied by Domann and Hardalupas [36, 38] and their findings showed
that the exponent on the diameter of the droplets depends on the concentration
of fluorescent dye present in the liquid. If the absorption coefficient of the fuel
is too high (for high dye concentration), the laser irradiance that reaches the
other side of the droplet will be too low and thus will affect the intensity of
the signal emitted. Consequently, the measurements done will underestimate
the actual mass of fluorophore present in the droplet and thus the d-cube
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dependency presented in equation 4.27 is not respected.

𝐼𝑓 = 𝑘𝐿𝐼𝐹 𝑑3 (4.27)

In this equation 𝐼𝑓 is the intensity of the fluorescent signal emitted and 𝑘𝐿𝐼𝐹 a
constant mainly depending on the incident light intensity, quantum efficiency
and collection efficiency of the acquisition system.

The d-cube law has been computed taking into account the absorption of
light over the 1st, 2nd and 3rd paths within a droplet, although it has been
observed that the contribution of 2nd and 3rd orders of internal scattering
was nearly negligible [37]. The method used to compute the intensity emitted
through scattering by a single droplet has been used together with the Beer-
Lambert law of extinction. The parameters of the section concerning the
scattered light dependency with diameter have been used for this simulation
as well. Figure 4.22 shows the results of the calculation of the fluorescence
intensity vs. droplet diameter; the best fitting has been used to evaluate the
exponent on the diameter to follow the calculation as done for the scattered
light.

Figure 4.22: Fluorescence intensity as a function of droplet diameter for n-
dodecane doped with Sulfo-rhodamine B. The curve has been fitted to measure
the exponent on the droplet diameter.

The exponent obtained by the best match between simulation and fitting
for the n-dodecane doped with Sulfo-rhodamine B is 2.996, which is really
close to 3 and would allow qualitative and quantitative measurements. With
such an exponent, the maximum error on the measured volume must be below
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3 % and such a value only concerns the largest droplets considered by the
simulation (100 µm).

4.5 Quantitative measurements in a spray

In this section, the Structured Planar Laser Imaging technique is employed to
quantitatively measure the fuel mass fraction (or mixture fraction) distribution
in a modern Diesel spray. The methodology described in the previous section
of this chapter has been applied to a non-uniform, polydisperse and optically
dense spray.

The SPLI-2P technique has been applied first to measure the droplet di-
ameter using the Planar Droplet Sizing technique has demonstrated in sec-
tion 4.3.3. Then, a methodology to estimate the extinction of light between
the laser-sheet and the acquisition system is presented. Finally, the intensity
radiated by the laser-sheet toward the camera has been used to recover the
mixture fraction via the Beer-Lambert law using the 2-D droplet diameter
distribution previously obtained.

Figure 4.23 is a sample image of the spatial modulation illuminating a spray
on its axis. This example presents a Mie scatter imaged by the acquisition
system, it is an average over 100 images for one phase of the SPLI-2P. By
shifting the sine pattern by a millimeter horizontally, corresponding to half a
period, the phase of the modulation is changed and the second image can be
acquired.

From the two phases, the envelope of the signal can be extracted as de-
scribed in section 4.3. The signal of the SPLI-2P technique is the intensity
of the radiation emitted or scattered by the illumination plane as seen by the
acquisition system. These raw signals already contain interesting information,
as a first utilization, the LIF/Mie ratio can be done as it does not require
further correction or light extinction compensation.

4.5.1 Spray sizing via Structured Planar Laser Imaging

The methodology described in section 4.3.3 is used to extract the Mie and LIF
signals via SPLI-2P to apply the Planar Droplet Sizing technique in order to
obtain the droplet size distribution in an isothermal spray. Figure 4.24 presents
Mie and LIF signals (false color) processed using the SPLI-2P technique at an
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Figure 4.23: Example of a spray image illuminated by a sinusoidal modula-
tion (false color). This is an average over 100 images of the Mie scattering
process. The spray is illuminated from the bottom.

injection pressure of 150 MPa and a discharge density of 22.8 kg/m3, the laser-
sheet crosses the spray on its axis.

Figure 4.24: Mie (left) and LIF (right) signals extracted via SPLI-2P in a
real Diesel spray. Incident illumination comes from the bottom of the image.

A decrease in terms of signal intensity can be noticed as we move down-
stream from the tip. As these two images present the intensity radiated by
the laser-sheet and acquired by the camera, the decays of light along the il-
lumination plane can also be noticed. The name "intensity profiles" rather
than "decays" is more correct as the intensity radiated by the laser-sheet is a
combination of mainly the number density, droplet size and light intensity as
suggested by the Beer-Lambert law (eq. 4.10). These profiles will be used later
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with the law of light extinction in a medium containing scatterers to extract
quantitative information of the mixture fraction in a spray.

The radial profiles of the Mie and LIF signals are plotted in figure 4.25
together with the axis of the spray. The axis of a spray is always hard to
define with accuracy and is strongly dependent on the method employed. In
this work, it has been evaluated through macro-visualization with a two-side
illumination to get the boundary of the liquid spray. The acquisition system
used for the visualization is composed by the CCD camera and the objective
presented in section 4.4.1 to record the SPLI-2P signals. The spray is illumi-
nated on both sides through optic fibers connected to Xenon flash lamps in
the aim of getting homogeneous lighting on the edges. The accuracy regarding
the position of the spray axis is estimated to be within 3 pixels error, which
means less than 0.14 mm deviation at maximum penetration length. A mis-
positioning should not affect the results as the error engendered is generally
below 1 % of the spray width.

Figure 4.25: Radial profiles of SPLI-2P resulting signals for Mie and LIF at
25 and 45 mm downstream. Illumination source is on the right side.

These two profiles show what has been quickly expounded earlier that the
intensity radiated by the laser-sheet along the direction of the illumination is
increasing first and decreasing then. The intensity radiated by the laser can
also be expressed as the incident intensity minus the transmitted intensity.
Considering an integration area of the size of a pixel for example, the intensity
of the incident illumination would be the intensity exiting the previous one in
the same direction. Therefore, the intensity exiting the considered pixel would
be the intensity entering the pixel minus the radiated intensity acquired by the
acquisition system, taking into account the global efficiency of the collection
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system.

From a theoretical approach, an electromagnetic radiation traveling into
a turbid media can be evaluated by the Beer-Lambert law as described in
section 4.2.2. From equations 4.10 and 4.12, the transmitted light intensity
is proportional to the droplet number density, to the extinction cross-section
(eq. 4.5) and to the size of the volume of consideration. The droplet diameter
does not vary so much radially in a Diesel spray [20, 48], on the contrary of
the number density, which changes of several order of magnitude from the
edge to the centerline as described in section 2.5. As a simplification, a single
droplet diameter is considered at radial position far enough to assume complete
atomization, low number density on the edge should provide low radiated
intensity. On the other hand, while moving along the illumination direction
(from spray boundary to spray axis), the droplet number density increases until
it reaches its maximum at the center of the spray (see sec. 2.5.3). Another
parameter must be considered, the intensity of the illumination is decreasing
as it travels into the spray, this explains why the maximum intensity is not on
the centerline.

The extinction of the laser-sheet along the radial position in the spray has a
strong impact on the measurement as the SNR decreases with the intensity of
the illumination until zero when the signal gets too low. The light extinction
is therefore one of the principal limitations of the Structured Planar Laser
Imaging technique as explained in section 4.3.4. For high values of the optical
depth, the modulation of the light is low and the processed signal can go down
to zero. This phenomenon can be observed on the intensity profiles presented
in figure 4.25, the obtained signals are already really low after the axis of the
spray due to a high extinction of the incident illumination. This means that
the data extracted from these signals on the other side of the spray axis have
a low SNR and the results would not be accurate.

For this reason and with the sole intention of presenting accurate results,
only half of the spray has been considered in this study. The axi-symmetrical
aspect of modern Diesel sprays is a widespread concept [60–63], so as long as
the axis of the spray is accurately determined, presenting half a spray seems
to be the best alternative solution. The ratio of the Mie and LIF signals
as described by the theory of PDS is presented in figure 4.26. Note that
no corrections like extinction compensation or scattering phase function have
been applied on this picture as their influence on the ratio of both signals
are limited. The LIF/Mie ratio has become quantitative through calibrated
measurements thanks to a PDPA instrument (see sec. 3.4.3) and performed at
45 mm downstream on the edges of the spray where the extinction is relatively
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low and allows accurate measurements. The total number of droplets measured
for the calibration was over 5000 to ensure accuracy and statistic robustness
of the results. To extract the mixture fraction, the mean volume diameter is
required. Therefore, the SMD map provided by the LIF/Mie ratio has been
adjusted with the mean volume diameter measured by the PDPA instrument.
Additional details are given later in section 4.5.3 and an analysis of the error
induced by assuming similar two-dimensional SMD and volume mean diameter
distributions is given in appendix A. The results of additional measurements
performed with the PDPA instrument are also presented in figure 4.26 to
compare the radial evolution of the volume mean diameter in the spray.

Figure 4.26: 2-D map of LIF/Mie ratio (SMD) in a Diesel spray calibrated
through PDPA measurements of the volume mean diameter 𝑑30 (left). Radial
profiles of volume mean diameter via PDS when applying SPLI-2P method
and PDPA at 25 and 45 mm (right).

The evolution of the droplet size with respect to axial and radial position
for the LIF/Mie ratio, when Structured Planar Laser imaging is applied, agrees
well with the results obtained through phase Doppler interferometry (PDPA)
measurements. In addition to that, the results found throughout the literature
[23,48,64,65] support the droplet size distribution presented in figure 4.26. It
has to be noted that the droplets near the axis of the spray provided by the
LIF/Mie ratio are smaller than the those measured by the PDPA instrument.
The spray is known to be denser at this location and the large number density
may affect the accuracy of the phase Doppler interferometer as described by
several authors [20, 66,67].

The droplet diameter distribution is now known for half the spray (con-
sidered axi-symmetrical), an additional step is nevertheless required before
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utilizing the intensity profiles to recover the mixture fraction. The SPLI-2P
signals obtained do not account for the extinction of light between the illu-
mination plane and the acquisition system. And, if this is not important for
sizing as it is self-corrected by considering the ratio of Mie and LIF signals, it
becomes crucial when a single signal is used.

4.5.2 Light extinction between illumination and acquisition

The light scattered by the laser-sheet toward the acquisition system has to
travel through the spray and is therefore extinguished, mainly via scatter-
ing. Depending on the wavelength of the collected signal (Mie or LIF), the
absorption can also play a role in the extinction of light through the spray.
Figure 4.27 is an illustration of the extinction of the radiation propagating
through the spray toward the imaging system.

Figure 4.27: Scheme of the extinction process between the illumination plane
and the acquisition system in a spray.

To get the proper signal emitted by the laser-sheet in the spray, the ex-
tinction of light must be known to correct the SPLI-2P signal. The next two
sections present experimental methods to measure the extinction of light in
the spray and therefore build a strategy to correct the signal provided by the
Structured planar Laser imaging technique.

Estimation of the optical depth of a Diesel spray

The optical depth of a spray has been evaluated through line-of-sight extinction
measurements as presented in [68]. The experimental setup is composed by
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a 25 mW continuous wave He-ne laser, which wavelength is 𝜆 = 632.8 nm to
ensure no absorption by the fuel used, i.e. n-dodecane + Sulfo-rhodamine B
(see fig. 4.20). The transmitted light intensity has been recorded by a planar
silicon PN photo-diode, an interference filter centered on 632.8 nm (FWHM
= 2 nm) has been placed as close as possible to the photo-sensor in order to
remove undesired light. The scattered light in the forward direction only has
been acquired by placing a diaphragm to obtain a collection angle as low as
0.25 mrad. The complete system has been placed on a 3-D computer controlled
traverse to move the measuring section with an accuracy of about 5 µm.

The transmitted signal recorded has a length of 10 ms and an acquisition
rate of 100 KHz, note that the rise-time of the photo-diode is at least three
times faster than the step resolution. Only the steady period of the injection
has been used to extract the value of the extinction and the processed signal
is an average over 100 injection events. Three axial distances from the injector
tip have been tested: 20, 30 and 40 mm, at each distance, the system has been
moved radially every 500 µm to recover the whole spray.

The optical depth is the natural logarithm of the ratio of the intensities
before and after the spray as shown in equation 4.13.

Considering that the spray is axi-symmetrical, a deconvolution can be done
to extract the optical depth anywhere in the spray. The technique is however
limited by the high optical depth of the spray which induces the signal to
go to zero as the laser beam is moved closer to the center of the spray. To
extend the results to the complete spray, the measurements have been fitted
with a Gaussian-like function as suggested in [68]. Figure 4.28 shows a the
radial profiles of the measured optical depth at two locations from the outlet
(25 and 45 mm); the fitting used here is the distribution function proposed by
Abramovich [69].

As depicted on figure 4.28, the optical depth in such situation can go up to
𝜏 = 10. This value agrees with some other sources concerning sprays [70, 71]
and place the light scattering in such conditions within the multiple scattering
regime. As the conclusion drawn earlier in section 4.3.3, an optical depth
of 𝜏 ≈ 6 maybe the limit of the Structured Planar Laser Imaging technique
applied in such conditions. This reinforce the use of half the spray in this
study as the extinction of light in half the spray would be 𝜏 ≈ 5 as suggested
by the optical depth measurements.

With this methodology it is then possible to correct the signal extracted
from the SPLI-2P image in order to obtain the real intensity radiated by the
laser-sheet in the spray. Nevertheless due to the high extinction, this solution
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Figure 4.28: Measured and calculated radial profiles of the optical depth at
25 and 45 mm from the injector tip.

extends the results via a fitting, which could bring uncertainty on the actual
optical depth value. In addition, this line-of-sight technique is time consuming
and an alternative providing 2-D maps must be considered.

3-D correction for light extinction in a spray

The solution developed to correct the Structured Planar Laser Imaging signal
from extinction consists in mapping the spray in three dimensions by imaging
successive planes from the outside to inside of the spray until the illumination
plane reaches the axis of the spray. This technique called discrete tomography
[72] has been applied recently to evaluate the extinction coefficient in relatively
dense sprays [43]. The procedure relies on the fact that the extinction between
the illumination plane and the acquisition system follows the Beer-Lambert
law. This assumption has been verified earlier in section 4.3.3 as the extinction
of light or optical depth has been demonstrated to behave similarly along the
laser path and from the illumination to the imaging system.

In this experiment, the plane of illumination is shifted by a step size of a
millimeter until it exits the spray; as addressed by figure 4.27, the laser-sheet
is moved in the Z-direction toward the CCD. The procedure to mathematically
account for light extinction is conceptually described in figure 4.29. A spray
image represents a 2-D coordinate system (X, Y), as the illumination is moved
along the Z-direction, the SPLI-2P technique only keeps the modulated signal
and a 3-D matrix of the spray is built.

The experimental setup has been described earlier (see sec. 4.4.1) and as
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Figure 4.29: Concept of the 3-D methodology to correct the SPLI-2P signal
from extinction between illumination plane and imaging system.

explained, the collection angle is small enough (23 mrad) to consider the light
traveling in the Z-direction only. The first image is taken at the outer boundary
of the spray; in the second one, the number density is relatively low and thus
the extinction toward the camera can be considered as negligible. Hence, the
intensity radiated by the laser-sheet toward the camera is the signal processed
by the Structured Planar Laser Imaging technique multiplied by the global
efficiency of the system. Since this first plane, the laser-sheet intensity and the
optical depth can be calculated for every integration area, i,e, a pixel. Then,
by mapping the spray in the Z-direction, the optical depth is known for every
location and the original radiated signal extracted from the SPLI-2P image
can be corrected.

4.5.3 Mixture fraction

The equivalence ratio is one of the most used parameters to consider in a
combusting spray as it provides the boundary where the stoichiometric ratio
is obtained. When the system is inert, like a spray injected in 𝑁2 or 𝑆𝐹6 for
example, the fuel mass fraction 𝑌𝑓 or mixture fraction 𝑍 is then utilized.

The mixture fraction 𝑍 measures the fuel/gas ratio and is therefore a com-
bination of the droplet diameter and number density. A mixture fraction of
𝑍 = 1 means that at this location, there is only fuel, 𝑍 = 0 means that there
is only gas, in other words outside the stream.
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Resulting mixture fraction in a spray

The mathematical procedure described in section 4.3.4 provides the number
density 𝑁 at any location if the SPLI-2P signal has been corrected from light
extinction. This means that equation 4.21 can be applied with the solution
presented earlier aiming at estimating the optical depth of a spray to calculate
the number density.

The solution employed to account for light extinction between the laser-
sheet and the receiving system has been setup in order to compute the number
density at the same time. From the intensity of the signal originally scattered
by the laser-sheet calculated by the 3-D correction strategy, the number density
of droplets in the spray can be obtained by applying equation 4.21 for all
recorded planes. The various elements of both the images of droplet size and
number density are processed in a discrete control volume (corresponding to
a pixel of the images) to compute the fuel mass fraction according to the
following expression:

𝑌𝑓 = 𝑍 =
𝜌𝑓

𝜌𝑓 + 𝜌𝑔

(︁
6

𝑁 𝜋 𝑑330
− 1
)︁ , (4.28)

The fuel mass fraction or mixture fraction is then a function of the droplet
diameter, the number density 𝑁 , the densities of the fuel 𝜌𝑓 and the surround-
ing gas 𝜌𝑔. As it has been introduced earlier, an approximation has been made
as the droplet diameter used in this equation is the volume mean diameter 𝑑30
extracted through LIF/Mie ratio, which theoretically provides the SMD (𝑑32).
This approximation is based on the assumption of a constant relationship be-
tween volume mean diameter and Sauter Mean Diameter. The analysis of this
approximation (see appendix A) confirmed that for the reference Diesel spray
droplet diameter distribution, the maximum error made was as low as 1.5 %
throughout the measured part of the spray.

Figure 4.30 presents the procedure developed in this study to obtain the
fuel mass fraction from the original SPLI-2P images of Mie and LIF.

By applying the methodology presented above on the LIF signal, preferred
to the Mie signal because it does not present anisotropy, a 2-D map of the
mixture fraction of the spray is obtained. The illumination plane for the
sample image presented in figure 4.31 crosses the spray on its axis, the injection
pressure for this example is 150 MPa and the discharge density is 22.8 kg/m3.
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Figure 4.30: Illustration of the procedure to extract the mixture fraction from
the Mie and LIF Structured Planar Laser Images. The images have been
replicated by symmetry according to the axis of the spray.

Figure 4.31: Resulting 2-D map of the mixture fraction with symmetry ac-
cording to spray axis for the LIF signal. (𝑝𝑖𝑛𝑗 = 150 MPa and 𝜌𝑔 = 22.8
𝑘𝑔.𝑚−3).
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Validation of the results with a mixing model

A simple mixing model has been used to verify the validity of the data ex-
tracted from the SPLI-2P technique concerning the mixture fraction. Naber
and Siebers [73] developed an analytical model describing penetration behav-
ior of the jet based on the conservation of mass and momentum for a steady
injection rate. In order to be simple, the model assumes a Schmidt number
equal to the unity (𝑆𝑐 = 1), which means that velocity and mass distribution
profiles are assumed to be the same at any axial distance from the injector
outlet. They found that a constant accounting for this simplification of sim-
ilar velocity and mass distributions was necessary for the model to fit the
penetration rate and spreading angle data correctly.

More recently, the model has been extended by Musculus [74] by incorpo-
rating multiple control volumes and a realistic radial distribution of fuel mass
as proposed by Abramovich [69] and described in equation 2.38. Figure 4.32
presents a schematic of the model with the control volumes used for the cal-
culation as well as the radial distribution profile of the momentum according
to Abramovich [69]. The radial distribution coefficient 𝐶𝑅2 presented in sec-
tion 2.5.4 gives the radial profile its shape. In this model, it starts from the
infinity at 𝑥 = 0 and decreases to reach a steady value of 1.5 after a short
distance, resulting in a Gaussian-like profile.

Figure 4.32: Schematic of the one-dimensional discrete control volume for
transient jet model (Musculus [74]).

The use of multiple control volumes makes the model to predict pene-
tration and mixing process for variable injection rates and after the end of
injection [74, 75]. Spreading angles are still required as input to the model
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to predict penetration and mixing distribution with accuracy. Since the fuel
liquid volume fraction �̄�𝑓 is known at any location in the jet, the local fu-
el/ambient mass ratio 𝑚𝑓/𝑚𝑔 can therefore be calculated such as:

𝑚𝑓

𝑚𝑔
=

𝜌𝑓 �̄�𝑓

𝜌𝑔 (1 − �̄�𝑓 )
. (4.29)

As the two densities of the fuel and ambient gases are characteristics of the
experiments, the mixture fraction is obtained thanks to the fuel to ambient
mass ratio as presented in equation 4.30.

𝑍 = 𝑌𝑓 =

𝑚𝑓

𝑚𝑔

𝑚𝑓

𝑚𝑔
+ 1

(4.30)

The local mixture fraction or fuel mass fraction is then obtained for any
location within the jet as long as the spreading angle 𝜃, the fuel and ambient
densities 𝜌𝑓 and 𝜌𝑔 respectively are known, and a radial profile is assumed.
In addition, as the rate of injection is an input to the model, the hydraulic
parameters of the injector used such as area (𝐶𝑎) and discharge (𝐶𝑑) coefficients
must be specified. These coefficients are generally measured experimentally
and the results of the hydraulic characterization will be presented in chapter 6.

Several models of this kind have been developed throughout the years of
Diesel spray studies, among them, the model proposed by Desantes et al.
[76] and further improved by Pastor et al. [77] must be mentioned. This
model is also based on the gas-jet theory and considers complete mixing of
fuel and ambient in 1-D along the axis of the jet. When assuming a mixing
distribution such as the exponential one recommended by the authors, a value
of the Schmidt number can be given as an input. The Musculus model has
been chosen because it has been quantitatively compared to two-dimensional
mixing results of evaporative jets as a validation [78]; however, the Desantes-
Pastor model should provide similar mixing predictions as they both rely on
the same approach and similarity with gas-jets.

As a first comparison, the values of the input parameters have been ob-
tained either experimentally or from the specifications provided by the sup-
pliers of the equipment used. The spreading angle of the spray has been
measured through high-speed imaging to visualize the spray macroscopically
and the value obtained is 𝜃 = 17.3∘. As a first approximation, the hydraulic
parameters of the nozzle given by the manufacturer are used to adjust the
model. The value of the discharge coefficient given by Bosch is 𝐶𝑑 = 0.86; as



4.5. Quantitative measurements in a spray 167

no value was available for the area coefficient 𝐶𝑎, the value has been set to
the unity. This value of 1 is reasonable though, the nozzle has been shaped
through hydro-grounding and the area contraction should therefore be very
limited. The hydraulic characterization of the injector is presented further in
the comparative chapter in section 6.2.

Figure 4.33 presents the axial profile of the mixture fraction of a spray of
n-dodecane at 150 MPa injected into 𝑆𝐹6 at a density of 22.8 kg/m3 obtained
with the SPLI-2P technique and confronted to the Musculus model.

Figure 4.33: Experimental and computed mixture fraction on the spray cen-
terline. (𝑝𝑖𝑛𝑗 = 150 MPa and 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3).

The evolutions of the profiles along the axis of the spray are quite similar,
they both follow the same trend. However, it can be noticed that the exper-
imental plot seems to be slightly higher than the computed one, which still
remains within the experimental uncertainties (gray filled area). The uncer-
tainties represented here are based on the resulting standard deviation of the
experiments made on the fluorescent microspheres (see sec. 4.3) plus the error
made on droplet diameter (see appendix A).

The radial profile at two distances from the tip are represented in fig-
ure 4.34, the solution provided by the model assuming a radial distribution is
also presented.

The radial profiles of the mixture fraction obtained by applying the Struc-
tured Planar Laser Imaging technique look narrower than that computed by
the jet model. The assumptions of the model such as the radial distribution
or the total momentum and mass transfer to be equivalent may not be appro-
priate for liquid sprays. As the model is based on the gas-jet theory, results
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Figure 4.34: Experimental and computed radial profiles of the mixture frac-
tion at 25 and 45 mm from the tip. (𝑝𝑖𝑛𝑗 = 150 MPa and 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3).

of evaporating sprays may present more similarities, this is the object of the
next-coming chapter implementing Rayleigh scattering in the vapor-phase of
a Diesel spray (Chapter 6).

As the fuel mass must be conserved along the spray axis, the mean mixture
fraction has been plotted in figure 4.35 versus the axial distance in the spray.

Figure 4.35: Comparison of the experimental and computed mean mixture
fraction along the axis of the spray. (𝑝𝑖𝑛𝑗 = 150 MPa and 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3).

The comparison of the two axial profiles of the mean mixture fraction
validates the experimental solution setup in this study to evaluate the mixture
fraction at any location in the spray. It shows that the increase observed
on the centerline is actually balanced by the reduction on the side of the
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Gaussian-like radial profile and produces a mean mixture fraction to be within
the uncertainty of the experimental results.

Chapter 6 presents further discussions over the results under evaporative
conditions or not as well as an evaluation of the different parameters influ-
encing the spray development and mixing process. It also provides additional
information concerning the utilization of experimental data together with a
simple model to predict spray characteristics such as penetration rate, spread-
ing angle and global mixing process.

4.6 Conclusions

The technique developed in this chapter is based on the scattering of light de-
scribed by Mie applied to a medium containing droplets such as optically dense
Diesel sprays. This diagnostic relies on multiple scattering removal thanks to
the use of a spatially modulated planar illumination, its aim is to measure the
mixture fraction at any location in a spray injected into discharge gases at
ambient temperature (293 K).

By introducing the Mie scattering theory for droplets bigger than the wave-
length, like it is mainly the case in such direct-injected Diesel sprays, the inho-
mogeneity of the scattered signal intensity has been shown. On the other hand,
the advantage presented by the fluorescence (LIF) regarding the isotropy of
the emitted signal demonstrated that this scattering process was an interesting
alternative. However, due to the propagation of light in a medium containing
scatterers such as liquid droplets and the fluorescent emission being dependent
upon the Mie scattered light within the medium, the anisotropy of the elas-
tically scattered light strongly affects the resulting LIF signal. At the same
time, the possibility to extract the fuel volume fraction through extinction
measurements has been described, this solution requires the droplet diameter
though.

An alternative to the Structured Laser Illumination Planar Imaging tech-
nique has been developed by using only two phases (instead of three) to re-
move the multiply scattered photons thanks to adequate post-processing of
the images. This diagnostic called Structured Planar Laser Imaging is ca-
pable of providing quantitative two-dimensional map of the particles number
density. Specially-designed for particle sizing, polystyrene fluorescent micro-
spheres have been put into solution with distilled water to simulate the prop-
agation of light in an optically dense medium in a matter of validating the
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SPLI-2P diagnostic. The experiments showed that the LIF/Mie ratio of the
two signals aiming at providing SMD maps were consistent within the sample
while they were not for conventional Planar Droplet Sizing (PDS - unstruc-
tured illumination).

The application to isothermal Diesel sprays required some preliminary
studies aiming at characterizing the fluorescent emission (LIF). The fuel
(n-dodecane) has been doped with a powerful fluorescent dye: the sulfo-
rhodamine B to ensure high quantum efficiency of the fluorescence signal. The
absorption and emission spectra, as well as the fluorescence lifetime and quan-
tum yield have been measured to adjust the experimental setup to the best
possible conditions. Then, an analysis of the main parameters for successful
PDS measurements has been done through the evaluation of the square and
cubic dependencies of the scattered and fluorescent signal intensities, respec-
tively.

The preliminary results showed that the sprays injected in this study pre-
sented such a high optical depth 𝜏 that only half the spray could be evalu-
ated quantitatively. The first step of the process is to obtain two-dimensional
droplet size distribution thanks to the LIF/Mie ratio as the droplet diameter
(𝑑30) must be known to further calculate the fuel mass fraction through extinc-
tion measurements. Secondly, the extinction between the illumination plane
and the acquisition system has been evaluated thanks to a 3-D correction pro-
cess computing the extinction within the spray from the outside to the center.
In the meantime, the number density of the droplets in the control volume used
for the calculation, finally, the mixture fraction can be extracted by merging
the both droplet size and number density maps. To assess the quantitative
aspect of the SPLI-2P technique in sprays, the results have been confronted
to a 2-D mixing model. The experimental-simulation confrontation showed
great potential; despite the experiments provided higher mixture fraction on
the centerline, the narrower shape of the spray appeared to be balanced as
supported by the mean mixture fraction along the axis of the spray.
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5.1 Introduction

A good mixture between fuel and air is one of the preponderant steps to get the
most efficient combustion possible leading to lowering pollutant emissions. As
most fuels are stored and transported as the liquid state, it must be evaporated
prior to burning to ensure a complete combustion. The previous chapter con-
cerning the atomization and mixing process pointed out the relatively narrow
spreading angle of the spray under non-evaporative conditions (see sec. 4.5.3).
We will see if these conclusions are still true when a Diesel spray is being
evaporated or if the mixing process considering state change from liquid to gas
makes the distribution to be more similar to that of the gas-jet theory.

The discussion drawn in chapter 4 to choose which technique would apply
the best to our experimental configuration must be repeated here concerning
the methods available to study the vapor phase of the jet. It is clear that the
laser-based techniques present a considerable advantage when testing in the
vapor phase, mainly because of they are non-intrusive and because the small
cross-section of the molecules makes the measurements easier and the results
more reliable. The fact that laser-based diagnostics are non-intrusive is also
true when the liquid phase is studied, nevertheless, the size of the particles or
scatterers affects the measurements in such ways that specific corrections have
to be applied as described all along chapter 4.

There are many ways to study a gas stream with lasers and imaging tech-
nologies, depending on the objective of the experiments, a review of the dif-
ferent methods has been published by Zhao and Ladommatos [1]. A brief
introduction of these different techniques is outlined in the forthcoming para-
graphs, highlighting the advantages and drawbacks of each of them. Some
methods are punctual, others mono-dimensional, and some directly provide 2-
D maps, a critical comparison is driven here to make select the best technique
to apply for the study of an evaporative Diesel jet.

The Laser Mie Scattering is more likely to be applied to study the liquid
phase as demonstrated in the previous chapter. It has been seen previously
that due to high extinction and multiple scattering effects, the signal recorded
was not quantitative. A solution is possible though, the addition of silicone oil
with a high boiling point can make the Mie scattering technique quantitative to
study an evaporative jet. Thanks to a separate calibration procedure where an
identified amount of fuel is sprayed and knowing the conditions of injection,
fuel mass fraction distribution can be extracted. The Laser Mie Scattering
can be performed in one or two dimensions depending on the optical setup,
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this versatility makes the technique a promising alternative for complete spray
mapping.

The Spontaneous Raman Scattering (SRS) is used for quantitative mea-
surements of the different species present in the environment under study. It
has been introduced by Johnston [2] almost 30 years ago and allows detecting
many different molecules such as H2O, CO2, N2, O2, fuel. The air/fuel ratio
can then be directly obtained by ratioing the quantities of two of the major
species present in the fuel and the ambient gases. The principle is that when
a photon collides with a molecule, the molecule exchanges some energy with
the scattered photon due to a change of its energy state (both rotational and
vibrational). This change in terms of energy level results in a Stoke shift of the
wavelength which is species specific, making the measurement really accurate.
However, the weakness of the signal and the poor spatial resolution which is
generally single point or 1-D make this experimental technique inconvenient
for jet characterization.

A fluorescence-based technique is always useful to perform measurements
in an engine due to the inelastic property of the radiation acquired. The Planar
Laser-Induced Fluorescence is of that kind, it has been widely used in com-
bustion machines over the last decades as it allows to observe both vapor and
liquid phases. The principle of this diagnostic relies on the ability of a tracer,
mixed in the fuel, to emit photons when excited at a particular wavelength. As
the signal emitted has experienced a Stoke shift, the SNR is relatively high as
a large part of the background noise has been removed by filtering. Therefore,
the high sensitivity of the technique permits detection of species at sub-ppm
level but care must be taken concerning the measurements because of the var-
ious corrections applied to account for radiative decay rates and non-radiative
losses such as quenching, pre-dissociation and photo-ionization [3]. The Pla-
nar Laser-Induced Fluorescence methodology offers the advantage of being two
dimensional as it has been described in detail in section 4.2 when applied to
isothermal liquid sprays.

An alternative to the Laser-Induced Fluorescence has been developed to
experimentally dissociate the fluorescent signals emitted by the liquid droplets
and by the vaporized region. The Planar laser-Induced Exciplex Fluorescence
(PLIEF) technique proposed by Melton in the early 1980’s [4], consists in sepa-
rating spectrally (via filtering) the fluorescent emissions of the vapor and liquid
phases. This is achieved by adding to the fuel two tracer species which act like
a monomer (M)-Quencher(G) pair that easily form together a loosely bound
excited complex called exciplex (E*). The method seems very promising as it
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allows quantitative measurements of liquid and vapor fuel mass fraction in an
evaporative Diesel jet at the same time. Nonetheless, the stability of the Exci-
plex compound strongly depends on temperature and largely affects the signal
strength [1] and therefore requires specific and complex calibration. Moreover,
differences between fuel and tracer evaporation point could make the calibra-
tion more difficult and therefore, the results have to be analyzed with regard
to the accuracy of the calibration [5]. Although the PLIEF technique clearly
presents an advantage to reach the objectives of this thesis, the complexity of
the calibration under non-isothermal environment cannot make it as the best
choice for quantitative 2-D imaging of the mixture fraction in a spray.

The Planar Laser Rayleigh Scattering (PLRS) is capable of providing
good results in 2-D imaging setups with fairly good resolution thanks to high
SNR [6]. It mainly relies on the scattering theory for particles smaller than
the wavelength published by Lord Rayleigh at the end of the XIXth Cen-
tury [7–9]. The main advantage is that it does not require specific calibration
and any information can be extracted almost directly from the theory and
species calibration. As the Rayleigh scattering is an elastic process, the signal
acquired may suffer from Mie scattering interferences and other scattering from
the elements due to reflections that could affect the results. Hence, the diffi-
culty lies in finding a way to avoid as much as possible the unwanted scatter
and reflection effects from various sources other than the species under study.
Examples of optical noise sources can be particles in the fuel or in the ambi-
ent, fuel droplets not evaporated yet, and flare coming from the windows and
laser-sheet delivery optics. The spatial coexistence of both liquid droplets and
vaporized fuel is certainly the main limitation of the utilization of PLRS inside
the engine. The fuel-air mixing entrains liquid droplets and vaporized fuel in
the same stream and results in the incapacity of measuring the vapor-phase
quantitatively due to strong scatterers (fuel droplets).

To combat these inherent problems from external sources of elastic scat-
tered radiation, the Filtered Rayleigh Scattering (FRS) outlined by Miles et
al. [10] could be an attractive alternative. The principle is based on the Laser
Rayleigh Scattering theory by additionally taking into account the Doppler
shifting of the scattered signal by the particle movements, thus making the
wavelength range wider. Then a narrow filter is used to remove the first order
of scattering coming from any immobile sources, and a cleaner signal can be
acquired. Because of this filtering, removing most information from the initial
scattered light, the signal strength gets too low and must be intensified before
acquisition, thus decreasing the global SNR of the system. This represents the
main downside of the method, because lowering the SNR, which is the advan-
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tage of the Laser Rayleigh Scattering, makes that the accuracy of the results is
finally dependent upon the quality of the imaging system (Intensifier + cam-
era) and the calibration of the spectral filtering. The Planar Laser Rayleigh
Scattering has been selected over the filtered solution because the combustion
vessel used for this work (see sec. 3.5.1) is wide enough so that the scattered
light coming from other sources does not represent a major issue.

The objective of this work is to characterize a vaporized Diesel jet from
a quantitative point of view, from the last paragraphs, it appears that PLIF
and PLRS presents the most advantage in this aim. Due to the fact that PLIF
needs specifically designed correction strategy considering radiation losses and
hazards in both emitted and received signal, the PLRS has been chosen be-
cause it provides more accurate results relying on only simple calibration. In
addition, Laser Rayleigh Scattering does not require any additive and therefore
the integrity of the fuel is conserved thus respecting the evaporation behavior
of the n-dodecane.

The present chapter aims at carrying out quantitative measurements in an
evaporative jet thanks to the PLRS technique within the vapor phase only.
The theory of the scattering of light by particles smaller than the wavelength
as described by Rayleigh is presented in the next-coming section. The cali-
bration of the technique together with the experimental setup form the third
part of this chapter. The processing strategy is described next, showing the
improvements on the image contrast through mathematical solutions. The
quantitative results together with a comparison to the Musculus’ mixing model
employed earlier are presented before the conclusions over the mixture fraction
measurements under evaporative conditions.

5.2 Rayleigh scattering theory

The Rayleigh scattering (named after John William Strutt widely known as
Lord Rayleigh) is the phenomenon occurring between an incident ray of light
and a particle smaller than the wavelength, generally atoms or molecules [7].
As described in the introduction, the Rayleigh scattering is an elastic process,
which means that the incident signal and the scattered one are of the same
electromagnetic wave frequency. This formulation of the scattering of light by
particles is not an extension of the Mie theory briefly described in section 4.2,
but it can be assimilated as a simplification.
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As the Rayleigh scattered light intensity is dependent upon the polariz-
ability of the particle, it is proportional to the wavelength (𝜆4 dependency)
and the intensity of the incident radiation, the size of the molecule, and many
other parameters that are described in the following sections. An adiabatic
mixing has been assumed to evaluate both the vaporized fuel mass fraction
and the temperature distributions in the jet as proposed by Espey et al. [11].

5.2.1 General formulation

Lord Rayleigh undertook a campaign of works on the propagation of electro-
magnetic waves in different media, the transmission of light by small particles
published in 1871 [7] provides a mechanical theory based on the propagation
of transverse waves within an elastic medium (ether). The mathemtical ex-
pressions developed by Rayleigh were in line with the contemporary theory in
place at that time to explain light propagation in vacuum.

A few years earlier, Maxwell [12] described the light as transverse electric
and magnetic fields oscillating perpendicularly to one another. After some
communications with Maxwell (in which the consistency of the two models
is addressed [9]), Rayleigh decided to translate his mechanical approximation
into electromagnetic descriptions of the light scattered by small particles by
an incident wave.

This task led to the expression of the Rayleigh signal intensity scattered
by a dipole included in a sphere [9]:

𝐼𝑅𝑎𝑦 =
𝜋2 𝛼2

𝜀20 𝜆
4 𝑅2

𝑑𝑖𝑝𝑜𝑙𝑒

𝐼0 sin2 𝜙 . (5.1)

In this formulation of the scattered intensity 𝐼𝑆 observed at an angle 𝜙 and
excited by an incident wave of intensity 𝐼0 of wavelength 𝜆, 𝛼 is the polariz-
ability of the molecule, 𝜀0 the vacuum permittivity and 𝑅𝑑𝑖𝑝𝑜𝑙𝑒 the radius of
the sphere including the dipole.

By integration of the scattered intensity presented in equation 5.1 over a
the surface of a large sphere of radius 𝑅𝑑𝑖𝑝𝑜𝑙𝑒, the total power 𝑊𝑇 scattered
by the dipole can be calculated as expounded in the following equation:

𝑊𝑇 =

∫︁ 2𝜋

𝛽=0

∫︁ 𝜋

𝜙=0

𝜋2 𝛼2

𝜀20 𝜆
4 𝑟2

𝐼0 sin2(𝜙) 𝑅𝑑𝑖𝑝𝑜𝑙𝑒 sin(𝜙) 𝑑𝜙 𝑅𝑑𝑖𝑝𝑜𝑙𝑒 𝑑𝛽 . (5.2)
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Where 𝜙 and 𝛽 are the two dimensions of the integration to collect the energy
scattered all over the surface of the sphere. After integration, the solution of
the total power scattered by a dipole small compared to the wavelength can
be simply expressed as [10]:

𝑊𝑇 =
𝜋2 𝛼2

𝜀20 𝜆
4 𝑅2

𝑑𝑖𝑝𝑜𝑙𝑒

𝐼0 . (5.3)

Most of the theoretical solutions to express the Rayleigh scattered signal
intensity use a differential cross-section [1,6,10] although it is not necessary as
the total scattered power can also be expressed as a function of the Rayleigh
cross-section of the dipole and the incident intensity. The basic idea of the
cross-section has been described in chapter 4 concerning the propagation of
light in a medium containing scatterers (sec. 4.2). The principle is that any
particle or droplet has a cross-section (area), which basically represents how
much light will be removed from the incident intensity. Therefore, the Rayleigh
cross-section 𝜎𝑅, which is an area, can be expressed as the ratio of the total
scattered power and the incident intensity [10].

𝜎𝑅 =
𝑊𝑇

𝐼0
(5.4)

By the same token, the total power scattered by a cloud of small particles
is the sum of the power emitted by any single scatterer. To simplify, if the
particles are considered of the same kind, like a mono-component gas for exam-
ple, a constant Rayleigh cross-section can be assumed and the total scattered
power becomes:

𝑊𝑇 =

𝜛 𝑉∑︁
𝑖=1

𝐼0 𝜎𝑅, (5.5)

with 𝜛 𝑉 the number of particles 𝜛 within the considered volume 𝑉 . This
means that the total power emitted by an ensemble of gases molecules can be
expressed as:

𝑊𝑇 = 𝜛 𝑉 𝐼0 𝜎𝑅 . (5.6)

From this simple expression, the scattered power recorded by an acquisition
system placed orthogonally to the illumination plane can be calculated by
introducing the collection angle Ω and the global efficiency of the system 𝜂𝑜𝑝𝑡.
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The power of the signal 𝑊𝑅 recorded by the imaging system can then be
expressed as:

𝑊𝑅 = 𝜛 𝑉 𝐼0 Ω 𝜂𝑜𝑝𝑡 𝜎𝑅 . (5.7)

Then, the area probed has to be considered to obtain the intensity of the
signal scattered by the molecules. Thanks to the normalization of the number
of particles as a number density 𝑁 and by the introduction of the length
scale 𝐿𝑜𝑝𝑡 of the probed volume, equation 5.8 gives the intensity scattered by
Rayleigh scattering for a gas of known cross-section and density.

𝐼𝑅 = 𝑁 𝐿𝑜𝑝𝑡 𝐼0 Ω 𝜂𝑜𝑝𝑡 𝜎𝑅 (5.8)

Equation 5.8 is certainly the most widely used for Rayleigh scattering mea-
surements as it directly relates the number density to the recorded intensity as
long as the system has been previously calibrated and properties of the species
under study are known.

5.2.2 Rayleigh cross-section

As described by equation 5.8, the Rayleigh cross-section must be known to
draw the mathematical relationship between the intensity of the signal ac-
quired and the number density of the gases molecules, in other words, the con-
centration. Knowing the Rayleigh cross-section with accuracy is paramount for
quantitative measurements. The cross-section of the molecule in the Rayleigh
regime (particle much smaller than the wavelength) is dependent upon polar-
izability and not directly upon size, as it is for particle in the Mie regime (see
eq. 4.5). By combining equations 5.3 and 5.4, the Rayleigh cross-section can
therefore be expressed as:

𝜎𝑅 =
𝜋2 𝛼2

𝜀20 𝜆
4 𝑅2

𝑑𝑖𝑝𝑜𝑙𝑒

. (5.9)

The polarizability 𝛼 is coefficient of proportionality which relates the electric
field �⃗� to the induced moment of the dipole 𝑝 such as: 𝑝 = 𝛼 �⃗�. If the ap-
proximation of the symmetrically spherical dipole is made, as 𝛼 is a scalar, the
moment of the dipole is induced in the same direction as the incident electro-
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magnetic radiation [1,10]. The Lorenz-Lorentz equation presents another way
to express the polarizability of the molecules such as [13,14]:

𝛼 =
3 𝜀0
𝑁0

𝑛2 − 1

𝑛2 + 2
, (5.10)

in which 𝑁0 is the standard number density (Number density at STP: Stan-
dard Temperature and Pressure) also called the Loschmidt constant and 𝑛
is the refractive index of the medium (gas). By replacing the polarization
as described by Lorenz and Lorentz in equation 5.10 into the general for-
mulation of the Rayleigh cross-section (eq. 5.9), the following expression is
obtained [10,15,16]:

𝜎𝑅 =
24 𝜋3

𝑁2
0 𝜆

4

(︂
𝑛2 − 1

𝑛2 + 2

)︂2

. (5.11)

According to the last equation, the Rayleigh cross-section is finally ex-
pressed as a function of the Loschmidt constant 𝑁0, the wavelength of the
incident radiation 𝜆 and the refractive index of the gases 𝑛. Therefore, the
refractive index has to be estimated with accuracy to get a correct value for the
cross-section as the other parameters are experimental input (𝜆) or constant
(𝑁0).

Refractive index of gases

The measurement of the refractive index of gases is not as straightforward as
for liquid for example. The refractive index of n-dodecane at the gaseous state
has not been a subject of investigation and its value is still unknown with
accuracy. It is possible to experimentally measure the refractive index of gases
thanks to a laser interferometer as presented by Schellekens et al. [17] but the
equipment is still expensive.

Another accurate method to estimate the refractive index of gases is to use
the molar refractivity 𝐴 as they are related by the Lorenz-Lorentz equation [14]
as shown in equation 5.12.

𝐴 =
𝑛2 − 1

𝑛2 + 2

𝑁𝐴

𝑁0
(5.12)

The refractive index 𝑛 is then a function of the Avogadro and Loschmidt
constants, respectively 𝑁𝐴 and 𝑁0, and the molar refractivity 𝐴. The ratio
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of the Avogadro and Loschmidt constants is actually equivalent to the molar
volume 𝑉𝑀 . By rearranging equation 5.12, the expression of the refractive
index of the gas is obtained as a function of the molar volume and the molar
refractivity:

𝑛 =

√︂
𝑉𝑀 + 2 𝐴

𝑉𝑀 −𝐴
. (5.13)

Note that the refractive index is a function of the wavelength and its value
is generally given either at 587.49 nm or at 589.29 nm corresponding to the
Helium or Sodium D lines respectively because these wavelengths are close to
the center of the visible spectrum. The empirical relationship proposed by
Sellmeier [18] is often used as a correction to estimate the refractive index at
the working wavelength.

King correction factor

The simplification made for spherical particles is valid in most cases; however,
the specificity of the light scattered by small particles with non-spherical shapes
can be addressed in terms of molecular polarizability. This polarizability can
be expressed as a tree-dimensional tensor which takes into account symmetric
and anti-symmetric components. It has been observed that the anisotropy of
the non-spherical molecules affects the cross-section and the distribution of the
scattered light. This effect has been introduced by Strutt (Lord Rayleigh’s son)
and is commonly named the depolarization ratio, which basically represents
the incomplete polarization of the light scattered perpendicularly [19].

No more than five years later, King proposed a correction factor now known
as the King correction factor, which compensate the anisotropy of the molecule
polarizability when the cross-section is calculated [20]. This correction factor,
generally added at the end of the cross-section formula is computed differently
depending on the characteristics of the incident illumination (Unpolarized or
polarized). Equation 5.14 presents the formulation of the King correction
factor for an incident polarized electromagnetic wave.

𝐹𝐾 =
3 + 6 𝜚𝑝(𝜆)

3 − 4 𝜌𝑝(𝜆)
, (5.14)

where 𝜚𝑝 is the depolarization ratio of the molecule for a polarized illumination;
note that the depolarization ratio is wavelength dependent. The depolariza-



5.2. Rayleigh scattering theory 189

tion ratio can be calculated thanks to the Böttcher’s formula [21] adapted to
polarized light as available in the literature [16, 22,23], such that:

𝜌𝑝 =
3 Ψ2

45 �̄�2 + 7 Ψ2
− 1, (5.15)

with Ψ the anisotropy of the polarizability and �̄� the trace of the polariz-
ability tensor of the molecule. Calculation of the King correction factor with
additional information will be done in the calibration section 5.3.2.

5.2.3 Rayleigh scattering in jets

The intensity emitted by the scattered light within the Rayleigh regime has
been given in equation 5.8. In order to simplify this expression and to adapt
it to experimental measurements, the collection angle, the scale of the probed
volume and the global efficiency of the system have been replaced by a di-
mensional efficiency factor 𝜂𝑇 . As the aim of applying Rayleigh scattering in
mixing jets is to measure the mixture fraction, the cross-section can be de-
fined as the weighted sum of the cross-sections of the different species and the
expression becomes:

𝐼𝑅𝑎𝑦 = 𝑁𝑇 𝐼0 𝜂𝑇
∑︁

𝑋𝑖 𝜎𝑅𝑖, (5.16)

with 𝑋𝑖 and 𝜎𝑅𝑖 the molar fraction and cross-section of specie 𝑖, respectively.
𝑁𝑇 represents the total number density within the probed volume. Considering
that the mixture is composed by ambient gases and evaporated fuel, the global
cross-section denoted 𝜎𝑚𝑖𝑥 is the result of the following expression:

𝜎𝑚𝑖𝑥 = 𝑋𝑓𝑢𝑒𝑙 𝜎𝑓𝑢𝑒𝑙 +𝑋𝑎𝑚𝑏 𝜎𝑎𝑚𝑏 . (5.17)

The subscripts "fuel" and "amb" refer to the injected fuel (n-dodecane) and
the ambient gases present in the chamber at the time of injection. Taking into
account that the chamber only contains ambient gases and injected fuel at any
time as there is no reaction: 𝑋𝑓𝑢𝑒𝑙+𝑋𝑎𝑚𝑏 = 1 and thus 𝜎𝑚𝑖𝑥 can be calculated.
Then, according to equation 5.16, the total number density can be calculated
at any location as 𝐼0 and 𝜂𝑇 are calibration constants (see sec. 5.3.3).
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5.3 Calibration of the experiments

The system used to generate the sprays under evaporative conditions differs
slightly from a regular common-rail injection system as described in section 2.2.
The difference only resides in the high-pressure pump, which is an axial hy-
draulic type, electrically powered, instead of being a the rotative type entrained
by an electric motor. This kind of pump has been preferred because of the low
frequency of the experiments (about one every 4 minutes) due to the pre-burn
process used to reach the desired thermodynamic conditions. Nevertheless,
this does not affect the injected spray if the pressure is well regulated and
controlled from event to event.

Proper calibration of the optics is necessary to perform quantitative mea-
surements with the Planar Laser Rayleigh Scattering technique. The arrange-
ment of the illumination and the acquisition is closely related to the reduction
of the background noise, which has a direct impact on the SNR.

5.3.1 Specific optical arrangement

The sprays are injected in a specific constant-volume combustion chamber as
described in section 3.5.1 equipped with three orthogonally disposed optical
accesses allowing laser entrance and exit, and image collection at 90∘.

The illumination source is a solid-state Nd:YAG laser (Spectra Physics -
Quanta-Ray Lab 190 ). This laser is of the same type as the one used for
measurements in non-evaporative liquid sprays and a description of the work-
ing principle is available in section 4.4.1. The wavelength of the experiments
has been chosen to be the second harmonic of the laser fundamental radiation
frequency, i.e. 532 nm producing an energy of 150 mJ and a pulse duration
of about 7 µs (FWHM). A discussion has been carried out by Idicheria and
Pickett [24] because the intensity of the signal is wavelength dependent (𝜆−4

as suggested by eq. 5.1). They concluded that exciting at 532 nm was a better
solution than in the UV (𝜆 = 355 nm) for several reasons such as a lower
energy pulse of the laser due to losses in the third harmonic generator (THG)
or a lower quantum efficiency of the CCD camera employed. Therefore, the
decrease observed in terms of SNR could go from 5 % in the ambient up to
almost 40 % in the fuel-rich regions.

The laser-sheet to cross the jet has been generated by three cylindrical
quartz lenses. The first lens (FL = 750 mm) optically compresses the laser
beam on the vertical plane in order to create a thin beam on the axis of the
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jet, the second one is negative (FL = -25mm) and opens the beam onto the
horizontal direction. The third lens (FL = 100 mm) purpose is to make the
rays parallel again in order to get the same mean spatial intensity on both sides
of the jet. For this study, the sheet width was about 40mm and the thickness
on the axis of the jet was 300 µm (FWHM) experimentally measured thanks
to the knife method (same methodology as in sec. 4.4.1). A beam-blocker has
been placed at a reasonable distance after the exit window on the laser path
in order to avoid back scattering from the illumination.

Concerning the acquisition side, the signals have been imaged by a back-
illuminated 16-bit CCD camera (PIXIS - 1024B). The resolution of the camera
is 1024 × 1024 with a pixel area of 13 µm2 allowing high quantum efficiency
of more than 90 % at 532 nm. The CCD chip was maintained at a constant
temperature of −70∘𝐶 by thermo-electrical cooling thanks to a Peltier cell to
keep the dark current as low as possible (0.03e-/pixel). In order to minimize
the readout noise (3.6e- RMS), the output operating gain has been set to
1 e-/count and the readout rate to 100 kHz; which is not restrictive as the
combustion chamber only allows performing a test every 4 minutes.

The camera has been equipped with a 105 mm objective (Nikkor Lens - 105
mm f/1.8D) with a close-up lens providing a pixel to millimeter ratio slightly
higher than 14. An interference filter centered on 532 nm (band width = 10 nm
FWHM) has been placed in front of the close-up lens (500 D lens) to remove
the undesired light from the exterior.

Due to the critical aspect of the elastic scattering interferences produced
by sources others than fuel and ambient gases, several improvements have
been done to make the experimental setup better. In this aim, special fused-
silica windows have been designed (see fig. 5.1) to reduce birefringence effect
observed on larger sapphire windows normally installed in the vessel, scattering
and reflection is also reduced due to the lower refractive index of the fused-silica
(1.46 versus 1.77 at 532 nm). The fused-silica rectangular slits are mounted in
a circular metal geometry to be fitted into the regular port of the combustion
chamber. The metallic part of the window has been coated with absorptive
carbon black on the internal side to reduce reflection. On the external side of
the window, beam-blocks have been attached to act like knife edges in order
to cut the unwanted light coming from aberrations of the transmitting optics.
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Figure 5.1: Metal port with fused-silica window insert (7× 58𝑚𝑚) for laser-
sheet transmission.

5.3.2 Estimation of the cross-sections

As a conclusion to the theory of the Rayleigh scattering described earlier in
this chapter (sec. 5.2), the cross-section of the substance under study must
be carefully calculated. The technique used to evaluate the cross-section uses
the refractive index computed thanks to the molar refractivity of the fluid.
It is therefore necessary to estimate the refractive index of the evaporated n-
dodecane with accuracy. Then, the anisotropy of the molecule polarizability
is corrected via the King correction factor described earlier in section 5.2.2.

Molar refractivity and refractive index

The refractive index of a substance is dependent upon the molar refractivity
as described by the Lorenz-Lorentz formula in equation 5.10. The molar re-
fractivity is a measure of the total polarizability of the molecule and it can be
calculated from the chemical bonds between the different atoms forming the
molecule. Each bond has its own refraction and as the n-dodecane is an alkane
(linear chain), the total molar refractivity is the summation of the refractions
of all the bonds such as:

[𝐴𝐶𝑘𝐻2𝑘+2
] = (𝑘 − 1)[𝐴𝐶−𝐶 ] + (2𝑘 + 2)[𝐴𝐶−𝐻 ] . (5.18)

The refractions of bonds 𝐶−𝐶 and 𝐶−𝐻 being respectively 𝐴𝐶−𝐶 and 𝐴𝐶−𝐻 ,
the molar refractivity of the n-dodecane is then computed as 𝑘 = 12. The
solving gives a molar refractivity for the n-dodecane of 𝐴𝐶12𝐻26 = 57.64 𝑐𝑚3,
this is in agreement with the experimental values found in the literature [25,26]
for the Sodium D line.



5.3. Calibration of the experiments 193

Then, by introducing the molar refractivity into equation 5.13, the refrac-
tive index of the n-dodecane at the gaseous state can be calculated as the
Avogadro and Loschmidt constants are known. The refractive index of the
vaporized n-dodecane at a wavelength corresponding to the Sodium D line is
𝑛𝐷 = 1.003860.

The refractive index is affected by the wavelength and can be adjusted
thanks to the Sellmeier dispersion formula [18] as introduced earlier. The
Sellmeier coefficients are available for the commonly used glasses, but much
more difficult to find for gases as these are empirically estimated and the
effect of the wavelength on gases is quite low. An example of this effect on
the refractive index of the methane gas (𝐶𝐻4) is available in reference [27]
and the result is a decrease lower than 4 × 10−4 % when the wavelength goes
from 589.29 nm to 532 nm. As a conclusion of the estimation of the refractive
index, the wavelength dependency has been neglected as it would affect the
sixth decimal of the value only, which roughly corresponds to the uncertainty
of calculation.

Influence of the King correction factor

Due to the anisotropy of the polarizability of an alkane linear chain, the
Rayleigh cross-section of the fuel used in this study (n-dodecane) might be
affected. To potentially correct this phenomenon, the King correction factor
has been introduced, and to do so, the depolarization ratio 𝜌𝑝 of the molecule
is required as suggested by equation 5.15.

The depolarization ratio can be computed thanks to the tensor of the
polarizability as a function of the trace and the anisotropy of the polarizability.
The trace �̄� corresponds the mean of the sum of the items on the diagonal of
the polarizability tensor its value can be found in the literature [28] such that
�̄� = 22.75 × 10−24 𝑐𝑚3. This value is somewhat really close to the mean
polarizability as expressed in the following equation [25]:

𝛼 =
3 𝐴

4 𝜋 𝑁𝐴
, (5.19)

giving 𝛼 = 22.85 × 10−24 𝑐𝑚3, meaning that the polar moment of the n-
dodecane is mainly on the diagonal. The anisotropy of the polarizability Ψ has
also been experimentally measured [23,29] and its value is Ψ2 = 15.29× 10−48

𝑐𝑚6. Therefore, the depolarization ratio of the fuel molecule for a polarized
illumination is estimated to be 𝜚𝑝 = 1.36 × 10−3.
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By introducing the depolarization ratio into equation 5.14, the King cor-
rection factor can be calculated, the value obtained is 𝐹𝐾 − 1 = 1.302× 10−2.
Note that under high temperature conditions (in the range of 1000 K), some
authors [22] measured the depolarization ratio for alkanes at different temper-
atures and found that it was generally decreasing as the temperature increases.
By extrapolation of the results published by Smith [22], the value of the King
correction factor obtained is slightly lower than that computed at STP, it
means 𝐹𝐾 − 1 = 0.865 × 10−2.

Cross-sections of the different species

Equation 5.11 provides the formula used to estimate the Rayleigh cross-section
of the fuel injected in the ambient. Therefore, thanks to the refractive index
and the King correction factor, the Rayleigh cross-section of the n-dodecane
at 532 nm is 𝜎𝑓𝑢𝑒𝑙 = 858.4 × 10−27 𝑐𝑚2.

Concerning the Rayleigh cross-sections of the ambient gases present in the
chamber at the time of injection, as these species have been already studied,
the cross-section of the mixture is a combination of the different mass fraction
of the species (see eq. 5.17). The ambient is composed of 𝑁2, 𝐻2, 𝐶2𝐻2, and
𝑂2 before the pre-combustion and the products after pre-combustion would be
𝑁2, 𝐶𝑂2 and 𝐻2𝑂 considering a complete reaction and thus, the equation of
the reaction is:

3.053 𝐶2𝐻2+0.509𝐻2+7.890𝑂2+90.33𝑁2 = 3.560𝐻2+6.110 𝐶𝑂2+90.33𝑁2 .
(5.20)

This equation allows the molar fractions of the different species after pre-
combustion to be evaluated. The Rayleigh cross-section of the ambient is
then calculated and the value obtained is 𝜎𝑎𝑚𝑏 = 5.609 × 10−27 𝑐𝑚2; the
Rayleigh cross-sections are organized in table 5.1 along with the particular
molar fractions.

The Rayleigh cross-section is not constant and changes with temperature
as well. This temperature dependency causes a slight increase of molecule
volume because of the augmentation of the energetic rotational and vibrational
states [1,25]. There is no work specifically focusing on the n-dodecane at high
temperature (gaseous state) and the evolution of the Rayleigh cross-section
to present an accurate estimation of this growth. Consequently, this topic is
being treated in section 5.4.3 concerning the uncertainty of the diagnostic.
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Table 5.1: Molar fractions and Rayleigh cross-sections of the species in the
combustion chamber at the time of injection.

5.3.3 General diagnostic protocol

The strategy applied in this work to build a relationship between the intensity
of the signal recorded by the acquisition system and the number density of
fuel within the jet is an auto-calibration using the intensity of the signal in
the ambient. Thanks to equations 5.16 and 5.17, the number density of both
the ambient and the vaporized jet can be predicted from the intensity of the
signals. The two following equations give the relationship between recorded
intensity and number density for the ambient: 𝐼𝑎𝑚𝑏 and 𝑁𝑎𝑚𝑏 respectively;
and the jet, being a mix of ambient and fuel denoted as 𝐼𝑚𝑖𝑥 and 𝑁𝑚𝑖𝑥:

𝐼𝑎𝑚𝑏 = 𝑁𝑎𝑚𝑏 𝐼0 𝜂𝑇 𝜎𝑎𝑚𝑏 and 𝐼𝑚𝑖𝑥 = 𝑁𝑚𝑖𝑥 𝐼0 𝜂𝑇 𝜎𝑚𝑖𝑥 . (5.21)

As 𝜎𝑚𝑖𝑥 is dependent upon the mixture fraction, the ratio of both equa-
tions can reduce the problem to a single equation. Therefore, knowing that
𝑋𝑓𝑢𝑒𝑙 + 𝑋𝑎𝑚𝑏 = 1 and applying the ideal gas law, such that 𝑁𝑚𝑖𝑥/𝑁𝑎𝑚𝑏 =
𝑇𝑔/𝑇𝑚𝑖𝑥; the following expression (eq. 5.22) is obtained. 𝑇𝑔 and 𝑇𝑚𝑖𝑥 repre-
sent the temperatures of the ambient gases and within the air - fuel mixture,
respectively.

𝐼𝑚𝑖𝑥

𝐼𝑎𝑚𝑏
=

𝜎𝑓𝑢𝑒𝑙

𝜎𝑎𝑚𝑏
+ 𝑁𝑎𝑚𝑏

𝑁𝑓𝑢𝑒𝑙

𝑁𝑎𝑚𝑏
𝑁𝑓𝑢𝑒𝑙

+ 1

𝑇𝑔
𝑇𝑚𝑖𝑥

(5.22)

From the last equation, 𝑇𝑚𝑖𝑥 is still needed to extract the fuel to ambient ratio
of number densities. One solution is to consider the spray injected into isother-
mal conditions, meaning that the fuel molecules are already at the ambient
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temperature. This hypothesis is the same as assuming 𝑇𝑚𝑖𝑥 = 𝑇𝑔 and leads to
the following relation:

𝑁𝑓𝑢𝑒𝑙

𝑁𝑎𝑚𝑏
=

(︂
𝐼𝑚𝑖𝑥

𝐼𝑎𝑚𝑏
− 1

)︂
𝜎𝑓𝑢𝑒𝑙
𝜎𝑎𝑚𝑏

. (5.23)

This simple expression provides the ratio of the number densities of fuel
over ambient under isothermal conditions, it is generally employed to investi-
gate flows of gases. The isothermal might not be suitable for this work because
of the high temperature difference between the injected fuel (about 363 K) and
the ambient gases (at least 900 K). For this reason, a more realistic and ac-
curate way which relies on adiabatic mixing of the fuel and the ambient has
been used to compute the mixture fraction. As the time-scale is very short (a
few milliseconds), this assumption seems correct and should lead to accurate
results, and the fuel to ambient ratio therefore becomes:

𝑁𝑓𝑢𝑒𝑙

𝑁𝑎𝑚𝑏
=

(︂
𝐼𝑚𝑖𝑥

𝐼𝑎𝑚𝑏
− 𝑇𝑔
𝑇𝑚𝑖𝑥

)︂
𝜎𝑓𝑢𝑒𝑙
𝜎𝑎𝑚𝑏

. (5.24)

The temperature of the mixture can then be calculated thanks to the equa-
tion of the conservation of energy. Knowing the thermodynamical properties
of the fuel and the ambient gases, a relationship can be built between the
number density ratio of the species 𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏 and the corresponding adia-
batic mixing temperature 𝑇𝑚𝑖𝑥. Equation 5.25 represents the mathematical
expression of the conservation of energy according to El-Wakil [30].

∫︁ 𝑇𝑔

𝑇𝑚𝑖𝑥

𝐶𝑝,𝑎𝑚𝑏𝑑𝑇 =
𝑚𝑓

𝑚𝑔

(︃∫︁ 𝑇𝑣𝑎𝑝

𝑇𝑓𝑢𝑒𝑙

𝐶𝑝,𝑓𝑢𝑒𝑙𝑑𝑇 +𝐻𝑣𝑎𝑝,𝑇𝑣𝑎𝑝 +

∫︁ 𝑇𝑚𝑖𝑥

𝑇𝑣𝑎𝑝

𝐶𝑝,𝑓𝑢𝑒𝑙𝑑𝑇

)︃
.

(5.25)

The left side of equation 5.25 represents the total thermal energy loss of the
ambient from the initial temperature to the actual temperature after mixing
with the jet. The mass ratio of fuel over ambient mf/mg is found on the right
side, multiplied by the thermal increase of energy of the fuel in liquid phase,
until evaporation

∫︀ 𝑇𝑣𝑎𝑝

𝑇𝑓𝑢𝑒𝑙
𝐶𝑝,𝑓𝑢𝑒𝑙, the enthalpy of vaporization at boiling tem-

perature 𝐻𝑣𝑎𝑝,𝑇 𝑏𝑜𝑖𝑙 and finally, the energy to reach the mixing temperature∫︀ 𝑇𝑚𝑖𝑥

𝑇𝑣𝑎𝑝
𝐶𝑝,𝑓𝑢𝑒𝑙, corresponding to a certain fuel to ambient ratio.

The thermodynamical properties of the species present in the chamber are
obtained by looking into thermodynamic databases (Look-up tables). From
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these data, equation 5.25 on the conservation of energy can be solved for
different mass ratios of fuel over ambient. Finally, a linear interpolation is
done between the data points to get a continuous relationship of the adiabatic
mixing temperature as a function of the fuel to ambient ratio (number density)
as plotted in figure 5.2.

Figure 5.2: Calibration curve of the adiabatic mixing temperature as a func-
tion of the number density ratio 𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏.

As 𝑇𝑚𝑖𝑥 is now known, equation 5.24 can be solved and a relationship
between the ratio of the intensities of both signals in the jet and in the ambient
and the can be drawn. Figure 5.3 represents the calibration curve of this
relationship.

Figure 5.3: Calibration curve of the recorded intensities ratio (𝐼𝑚𝑖𝑥/𝐼𝑎𝑚𝑏) as
a function of the number density ratio (𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏).



198 Chapter 5. Rayleigh scattering measurements in vapor phase

A 2-D map of fuel to ambient ratio (𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏) is finally obtained by
applying this procedure to every location (pixel) in the recorded image. Note
that during this process, the adiabatic mixing temperature is also calculated
and a 2-D map can be extracted the same way.

5.4 Data processing and corrections

As shown in equation 5.24, the signals coming from the ambient and the
jet must be accurately estimated for quantitative measurements as the num-
ber densities associated are directly dependent to the ratio of the intensities.
Therefore, the background and flare present on the image have to be removed
because they would change the ratio of the two intensities, hence affecting the
results. Different sources have been identified to potentially affect the back-
ground signal: The camera dark-current, the thermal emission and the flare of
the laser scattered by the windows and optics and reflecting in the chamber.
The last one has been reduced as much as possible thanks to a special design
of the windows and laser path (see sec. 5.3.1).

The dark-current corresponds to the noise emitted by the current passing
through the pixels of the CCD array when not exposed to light radiation (no
photon reception); it can be minimized by lowering the temperature of the
CCD chip as described in section 5.3.1. The digital level of the image does not
represent the signal of the radiation emitted through Rayleigh scattering and
can be evaluated by acquiring an image, named 𝐼𝐷𝐶 , by covering the CCD
sensor and at ambient conditions (no thermal radiation).

The thermal radiation mainly emitted by the walls of the vessel, but also
by the hot gases also increases the digital level of the image as the camera
gate is opened for a relatively long time (20 ms). Therefore, a background
image is acquired to correct the original signal from thermal radiation and
background non-uniformity. This image is taken regularly before and after a
set of injections to control the evolution of the back-walls emission at the same
time. The polarization of the laser is changed in order not to collect any data
from the ambient but the laser flare and reflections; the test is realized with
an empty vessel (atmospheric pressure) and no injection. From this image, the
dark-current is subtracted and then, the intensity level is adjusted according
to an interrogation area outside the jet to give 𝐼𝐵𝐺.

The corrected 2-D Rayleigh signal can be expressed by the following math-
ematical relation: 𝐼𝑐𝑜𝑟𝑟 = 𝐼𝑟𝑎𝑤−𝐼𝐷𝐶−𝐼𝐵𝐺, where 𝐼𝑟𝑎𝑤 is the digitalized image
acquired by the camera and 𝐼𝑐𝑜𝑟𝑟 the corrected image as shown in figure 5.4.
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Figure 5.4: Sample images of the raw signal acquired by the acquisition sys-
tem and the 𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏 map obtained after correction procedure.

5.4.1 Image post-processing

The post-processing of the image starts once the corrected image of the
Rayleigh signal is obtained. The process to obtain quantitative two-
dimensional maps of the number density ratio of fuel and ambient is composed
of three different steps.

First, the user selects the outter boundary of the vaporized jet, as close
to the jet as possible in order to get the correct intensity level scattered by
the ambient gases on both sides. This intensity is directly related to the
laser-sheet spatial intensity and the mean levels before and after the jet are
evaluated to check if the present experiment is correct. Due to the really small
cross-section of the gas molecules, the extinction of the laser radiation crossing
the evaporated jet is barely measurable; the average intensity before and after
informs the user about some eventual problems.

High density gradients produce the laser-sheet to suffer from beam steer-
ing as it crosses the region close to the entrance window where a layer of high
temperature difference is formed. Beam steering is an optical phenomenon
induced by a change of the refractive index of the medium in which the light
is transmitting through. Temperature fluctuations at the wall interfaces result
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in different refractive index values, thus changing the direction of the incident
light. These variations are unpredictable and lead to error on the measure-
ments as the proportionality between intensity and number density is no longer
correct. The technique used in this study to correct this effect has been de-
scribed by Gronki et al. [31] and utilizes the spatial intensity in the ambient
before and after the jet. As Rayleigh scattering is able to measure the signal
of the ambient, the intensity profiles on both sides of the jet are extracted
on individual images. Then, a linear interpolation is done between the both
intensity profiles to generate the illumination plane "without" the jet. This
process produces the Rayleigh signal emitted by the ambient gases only but
accounting for the beam steering "fingerprint" of this specific experiment.

Note that such a correction can only be applied to Rayleigh scattering diag-
nostic as the ambient signal is recorded, on the contrary to high temperature
LIF for example, which also suffers from beam steering. This methodology
presents another advantage as it takes into account the laser intensity fluctua-
tions from shot-to-shot, which is not necessarily possible with other techniques.

The last part of the post-processing is to divide the two Rayleigh images
generated earlier. The first one being the corrected Rayleigh signal from the
jet and the ambient and the second one, the Rayleigh image recreated during
step two, containing the ambient only. The ratio of the two images is then
placed into equation 5.24 and a 2-D map of number density ratio 𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏

is obtained (see sec. 5.3.3 for more information). Figure 5.5 represents a com-
posite image of the light emitted by the liquid phase through Mie scattering
and the number density ratio measured via Rayleigh scattering.

Figure 5.5: Composite image of Mie (left) and Rayleigh (right) scattered
signals. This images show that the signal of the ambient gases is recorded
through Rayleigh scattering and not with Mie.
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Figure 5.5 represents a composite image of the light emitted by the liq-
uid phase through Mie scattering and the number density ratio measured via
Rayleigh scattering.

5.4.2 Further corrections and improvements

The methodology applied in this work to correct the results from beam steering
has been explained earlier and forms part of the global data post-processing.
The particles present in the fuel stream represent another matter as they
severely interfere with the signal emitted through Rayleigh scattering. Most
of the work to combat this problem has been done in the experimental hard-
ware via filters mounted on the feeding line (30 nm filtering) or the use of
n-dodecane fuel with a high level of purity. Nevertheless, two corrections rou-
tines have been applied during post-processing of the image depending on the
content and size of the particles in the image.

Particle inpainting

An improvement on the image quality has been made by introducing a func-
tion to remove relatively big particles (bigger than the fuel molecules) that
scattered light toward the acquisition system: the inpainting. This technique
based on texture replacement is generally used in image editing and showed
great results to replace a region from its neighborhood [32]. The scattering
of aforementioned particles harms the analysis of the proper Rayleigh signal
causing over-evaluation of the laser intensity and therefore mistaking the num-
ber density. The inpainting process acts in the way of rebuilding the image
through interpolation of the particles surroundings where the intensity is as-
sumed to be that of the real Rayleigh signal from this specific region of the
jet.

The threshold used in the inpainting function to detect pixels as outliers has
been defined after statistical and judicious analysis. This limit never interferes
with real data coming from the ambient gases or the jet, where the intensity
is higher. The intensity level of particles in the fuel stream can be of order
of magnitude two times higher than the actual signal from the jet and the
detection is not a problem in this way. As this threshold level has been selected
to be conservative and not to veer the results due to a bias applied during the
image processing, some small particles are still present on individual images.
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Median filtering

To clean the images from smaller scatterers (which intensities were below the
inpainting threshold), a 2-D median filter has been applied to the single shots.
This process operates comparing the intensity levels of the pixels in the neigh-
borhood and then smooths the difference between one and another [33]. The
area of the median filtering process applied in this work is square and has been
set as small as possible (6×6 pixels corresponding to less than a fifth of square
millimeter) not to affect much the results from a quantitative point of view.

The effect of median filtering to smooth the image from small scatterers
has been investigated in by Idicheria et al. [24]; they found that a bias error
of approximately 1 % may remain after filtering. Thanks to the inpainting
function, the size of the area used to apply the median filter is about four
times smaller than in this work (real dimension), which means that the effect
of the filter on the digital level of the image is expected to be smaller.

Figure 5.6 is an example of the image correction procedure with a con-
frontation of a raw image processed to obtain the mixture fraction and the
same image corrected with particle inpainting and median filtering.

Figure 5.6: Example of the image correction procedure influence on the orig-
inal image (left). The corrected image (right) is obtained after particle in-
painting and median filtering (6 × 6 pixels).

5.4.3 Uncertainty analysis

The first purpose of the present chapter is to evaluate the mixture fraction
of an evaporated jet through Rayleigh scattering measurements. The results
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presented are composed of ensemble-average of multiple injection events to
get statistically consistent data. Therefore, the uncertainty of the results is
a combination of the deviation from shot-to-shot during the experiments and
additional bias errors that have not been corrected. This method of uncer-
tainty analysis has been proposed by Moffat [34], in which the shot-to-shot
uncertainty is expressed within a 95 % confidence interval.

Error on the estimation of 𝜎

The bias error is mainly represented by the uncertainty on the calculation of
the Rayleigh cross-section, obtained through estimation of the refractive index
of the molecule. The refractive index of the fuel molecule at the gaseous state
has been calculated by using the molar refractivities of the chemical bonds.
Denbigh [25] stated that the error made on the experimental estimation of the
total molar refractivity of the n-dodecane was 0.0 %, as the value has been
confirmed by other sources [26, 35], the molar refractivity is no longer consid-
ered as a source of error. A similar conclusion has been reached concerning the
effect of the wavelength on the refractive index as explained in section 5.3.2.

The temperature also affects the refractive index, a decrease of 0.05 %,
resulting in a 0.1 % loss on the cross-section, seems reasonable for gases within
a temperature range of 273 K to 900 K according to literature [36].

The temperature has an opposite effect on the Rayleigh cross-section due
to different energy states. The effective volume of the molecule generally in-
creases with temperature as the excitation state of the atoms increases leading
to higher levels of rotational and vibrational forces. These forces tend to stretch
the chemical bonds resulting in a larger volume of the molecule than that ob-
served at the ground state (lower temperature conditions). As an example for
the molecule of methane (𝐶𝐻4), which presents the same bonds, The volume
augmentation for a temperature range of 273 K to 900 K is expected to induce
an increase of the Rayleigh cross-section of about 1.2 % [6].

The pressure has an opposite effect on the molecular volume augmentation
as described by Naus et al. [15], but no real studies are available to quantify
the reduction of size of the molecules due to surface forces.

The analysis of the systematic bias error for the Rayleigh cross-section
showed that a global augmentation of 1.1 % can be expected, which can mainly
be attributed to temperature variation. This estimation of the potential error
is integrated in the global uncertainty (coupled with the standard deviation)
presented together with the results.
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Local density variation and shot-to-shot deviation

The ambient density in the core region of the vessel where the jet is injected
and evaporated affects the Rayleigh scattering measurement quantitatively
through variation in the molecular number density. This random error has
been analyzed over the set of images taken to study an averaged behavior of
the jet. This error is merged into the variation expressed in terms of mass
distribution from shot-to-shot during the different injection events recorded.

This, together with the turbulent behavior of the jet, represent the major
source of uncertainty as the number of Rayleigh images acquired at a particular
condition is limited. The amount of data-shots used to realize an ensemble-
average of the Rayleigh scattering mixture fraction varies from 20 to 40 events;
reminding that the lower the number of images, the higher the uncertainty.
This limitation is due to the low repetition rate of the hot spray test-rig coupled
with the fact that some images have not been processed because of severe
particle contamination, which would affect the results quantitatively even with
the correction procedure developed.

The estimation of the global uncertainty has been included in the results
presented in the following section to carefully show the possible deviation of
the data with respect to the model.

5.5 Mixture fraction and temperature distributions

The results extracted from the Planar Laser Rayleigh Scattering technique
applied to a jet injected under evaporative conditions are presented here. The
conditions used as a reference, it means an injection pressure of 150 MPa and
a discharge density of 22.8 kg/m3, have been recreated at a temperature of 900
K. This would then allow the comparison of the development and mixing of
the spray depending if it is isothermal or evaporative (see chapter 6).

The Rayleigh signal being really sensitive, even at location close to the
jet boundary due to a relatively high SNR, the spreading angle has been ex-
tracted from these data. As averaging the injection events generally provides
apparently wider jets, because the axis of the jet is randomly moving around
the mean position [37], individual Rayleigh images (number density of mixture
fraction) have been used to evaluate the spreading angle of the jet.

The ensemble-average 2-D map of the mixture fraction in the vaporized
region of the jet is then presented. The axial and radial profiles of the results
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are compared to the mixing model proposed by Musculus [38] and used to
compare the mixture fraction of an isothermal spray in the previous chapter
(sec. 4.5).

The 2-D map of the resulting temperature in the jet assuming adiabatic
mixing is presented at the end of this section together with plots of the axial
and radial profiles of the temperature evolution as additional information.

5.5.1 Single jet analysis

The analysis of the individual images of the vaporized region of the jet pro-
cessed thanks to the Rayleigh diagnostic described in this chapter is interesting
as it points out the turbulent behavior of the jet. Two maps of the number
density ratio of fuel over ambient are displayed in figure 5.7 as an example.

Figure 5.7: Sample two-dimensional signals of the fuel over ambient ratio
in terms of number density. The two maps are different events of the same
testing condition dataset.

Even if the two sample images show the different structures on the edges
of the jet due to the interaction with the ambient gases, the high number
density of fuel molecules on the axis is pointed out. Both the maps show that
the central region of the jet presents higher fuel to ambient ratio than when
moving radially to the boundaries of the jet, well defined on these maps.

It appears clearly on both samples that the area closer to the injector tip
(after complete evaporation, represented by the position of the laser-sheet)
presents higher local fuel over ambient ratio. As long as we move downstream,
the number density of fuel molecules is decreasing, due to the spreading angle
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of the jet and therefore the entrainment of the ambient gases, thus lowering
𝑁𝑓𝑢𝑒𝑙/𝑁𝑎𝑚𝑏.

In addition to similarities observed on the local fuel distribution, the sample
images present the same macro-structure as well, both jets seem to be inscribed
into a cone. This corresponds to the widely known theory of the Diesel spray,
which has been inspired by the gas-jet theory [39]. This cone centered on
the jet axis virtually contains the development and mixing of a 3-D jet and
thus an important parameter known as the spreading angle can be defined.
The spreading angle is the solid angle of the cone and basically represents
how much the jet opens as theoretically described in section 2.5.2. In 2-D,
this solid angle becomes a regular angle and can potentially be measured by
direct visualization of the jet; considering the jet axis-symmetrical its value
and meaning remain [40].

Nevertheless, it is always complicated to determine the spreading angle ex-
perimentally in evaporative jets and visualization techniques such as Schlieren
or shadowgraphy generally fail to provide this parameter with accuracy and
precision. On the other hand, thanks to the SNR level offered by the Rayleigh
scattering diagnostic applied in this study, allowing accurate measurements on
the edges of the jet, the spreading angle of the vapor phase can be determined.

To experimentally estimate the spreading angle, individual maps of number
density ratio have been utilized. The data available within the vapor region
have been used to determine the position of the jet boundary corresponding
to 1 % of the centerline value. Then, both sides of the vapor region of the
jet have been linearly fitted with the following condition that the lines cross
at the position of the injector’s outlet. An example of an individual image is
shown on figure 5.8 together with the computer-processed jet axis and linear
fits.

This methodology has been done for all the individual images of Rayleigh
scattering taken and successfully processed and the final result is an average of
the individual values such that the spreading angle is 𝜃 = 21.9∘. The standard
deviation of the spreading angle has been calculated to be about 1.1∘, which
represents a deviation within 5 % around the mean value.

5.5.2 Mixture fraction in vaporized jets

As introduced in the results section of the chapter concerning non-evaporative
conditions (sec. 4.5), the mixture fraction is always useful to evaluate the
fuel distribution at a particular location within the jet. For this same reason
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Figure 5.8: Spreading angle and jet axis experimentally evaluated on a single-
shot image. The outlet of the injector is not imaged by the acquisition system.

and in order to further compare the mixture fraction distribution between
sprays injected under non-evaporative and evaporative conditions, the results
are presented in terms of mixture fraction.

2-D maps in terms of mixture fraction

Some differences concerning the first resulting data when compared to the
measurements performed into the liquid spray have to be noted. First, the in-
tensity loss between the laser-sheet and the acquisition system can be neglected
due to the really low extinction for the same reasons explained in section 5.4.1.
Another distinction has to be made when analyzing the results extracted from
both techniques, the Rayleigh diagnostic provides a map of number density
ratio of fuel over ambient whereas the Structured Planar Laser Imaging gives
the droplet number density. This difference modifies the way to obtain the
mixture fraction from the first resulting image, the description of the mathe-
matical procedure follows.

First, the ratio of fuel over ambient in terms of mass 𝑚𝑓/𝑚𝑔 is calculated
by the product of the number density ratio and the molar masses of the species
in presence, such that:

𝑚𝑓

𝑚𝑔
=
𝑁𝑓𝑢𝑒𝑙

𝑁𝑎𝑚𝑏

𝑀𝑓𝑢𝑒𝑙

𝑀𝑎𝑚𝑏
. (5.26)
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𝑀𝑓𝑢𝑒𝑙/𝑀𝑎𝑚𝑏 represents the ratio of the molar masses of the n-dodecane
(𝑀𝑓𝑢𝑒𝑙 = 170.34 g/mol) and the ambient gases present in the chamber (𝑀𝑎𝑚𝑏 =
28.679 g/mol). The ratio of the mass of fuel over ambient is also useful and
widely used for chemical reactions such as combustion in the case of an en-
gine.

The second and last step is to replace the fuel to ambient ratio by mass
in equation 4.30 presented in section 4.5 to get the mixture fraction 𝑍 at any
location in the imaged jet.

The mixing measurements obtained through Planar Laser Rayleigh Scat-
tering have been performed for the reference condition: 𝑝𝑖𝑛𝑗 = 150 MPa and
𝜌𝑔 = 22.8 kg/m3. To get stabilized jets, long injection timing have been used as
the particle matter has been observed to be less severe after long delay after
the start of injection (Time ASOI). The jet eventually impinges against the
back wall, but it forms into a radial wall jet that does not wrap around to
the measurement location at the time of acquisition. As a result, the ambient
gases remain undisturbed within the laser-sheet region (up to 50 mm from the
tip).

Figure 5.9 shows a 2-D map of the mixture fraction in the vapor region of
the jet injected according to the reference testing conditions. This resulting
image has been obtained by averaging several injection events (35 in this case)
in order to present a statistically repetitive jet.

Figure 5.9: Two-dimensional distribution of the quantitative mixture fraction
on the jet axis plane.

The general characteristics pointed out with the individual jets concerning
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the number density distribution are also observed on the mean jet mixture
fraction. On the image presented in figure 5.9, the vapor region of the jet
illuminated by the laser-sheet seems to have a trapezoidal shape, which is a
truncated cone by extension (revolution around jet axis). In addition, the cen-
tral region of the jet, on the centerline neighborhood, presents a higher mixture
fraction than the edges, with a maximum reached at the closest distance from
the injector’s outlet.

It has to be noted, however, that the structures corresponding to the tur-
bulent behavior born from the jet-stream - ambient gases interactions have
been predominantly toned down by the averaging. These structures are speci-
ficities of an individual injection event and are largely random, making them
to be different from shot-to-shot and hence to be almost erased when averaging
enough injected jets.

Comparison to the jet model

The results of mixture fraction are compared to the Naber and Siebers model
[41] improved by Musculus [38] to show how well the measurements done under
evaporative conditions follow a validated model [42]. To make this comparison
in a quantitative and comprehensive way, both the experimental axial and
radial mixing profiles at different location from the tip are displayed together
with the uncertainty. The model predictions are presented on the same plots
for a direct comparison. The uncertainty of the experimental mixture fraction
is represented as a gray fill and corresponds to a 95 % confidence interval as
described in section 5.4.3. Therefore, if the results computed by the Musculus
model pass within the gray fill region, it can be assumed that the mixture
fraction has been accurately measured by the diagnostic applied.

As explained in the previous chapter (sec. 4.5), the jet model input pa-
rameters are required, the discharge 𝐶𝑑 = 0.86 and area contraction 𝐶𝑎 = 1
coefficients remain the same as they are hydraulic aspects of the injector. The
other input parameter is the spreading angle, its value has been extracted
earlier from the individual images to be 𝜃 = 21.9∘. This makes a difference
with the liquid spray (sec. 4.5) as the spreading angle was only 𝜃 = 17.3∘,
which indicates that the development of the jet is different under evaporative
conditions or not as described by Garcia [43].

The axial profiles for both experimental and computed results obtained on
the jet center-line for the reference condition are represented in figure 5.10.
Recall that the value of the spreading angle is affecting the quantitative mix-
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ture fraction on the centerline and the capability of the Rayleigh technique to
provide an accurate value for this parameter represents a great improvement
when compared to the non-evaporative measurements.

Figure 5.10: Experimental and computed mixture fraction on the jet center-
line.

The plots show that the model predictions for mixture fraction fall within
the experimental uncertainty along the axis of the jet where the measurements
have been done. The decay 1/𝑥 employed in the model and based on the gas-
jet theory seems to be a valid assumption also for evaporative liquid fuel sprays
as demonstrated by the confrontation to the model.

Figure 5.11 presents the radial profile at two distances from the tip. The
results of the model have been computed using the radial profile described by
Abramovich [44] like for the non-evaporative experiments.

A similar observation can be done concerning the radial profiles as the
experimental mixture fraction follows the computed one on both sides of the
jet axis. On the contrary to the measurements performed in the isothermal
spray, the radial profile appears justified here based on the closeness of the
results obtained via experiments and modeling.

To ensure that those preliminary conclusions drawn from the observations
made on one testing condition are valid in a more general way, other conditions
varying ambient density and injection pressure are presented and confronted
altogether in the next-coming chapter (chapter 6).
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Figure 5.11: Experimental and computed radial profiles of the mixture frac-
tion at 25 and 45 mm from the tip of the injector.

5.5.3 2-D temperature distribution

The injection of liquid fuel into a high temperature vessel produces a change of
the local temperature as fuel is vaporizing and therefore absorbing temperature
from the ambient gases. From the model used in this study, the adiabatic
mixing temperature can be extracted. Figure 5.12 shows a 2-D map of the
temperature distribution in the jet assuming adiabatic mixing.

Figure 5.12: Ensemble-average of 2-D map of adiabatic mixing temperature
of a liquid fuel jet injected into hot gases.

It appears clearly that the temperature distribution presented on this figure
is really similar to the mixture fraction distribution presented before. The mass



212 Chapter 5. Rayleigh scattering measurements in vapor phase

of fuel being cold, assuming an adiabatic mixing means that the amount or
mass of cold fuel over hot gases entrained within a constant volume determines
the temperature at this particular location. Taking into account the energy or
enthalpy of vaporization, the richer in fuel the region is, the colder it would
get; this confirms the results shown on the temperature map and its similarity
with the mixture fraction image.

Figure 5.13: Axial and radial profiles of the adiabatic mixing temperature
of the jet. The axial profile is recorded on the center-line and the radial
distributions are extracted at 25 and 45 mm.

Figure 5.13 represents the axial and radial profiles of the adiabatic mix-
ing temperature. The results seem to be the negatives of the profiles ex-
tracted from the mixture fraction distribution; the radial profiles also present
a characteristic Gaussian-like distribution. As expected, the lowest tempera-
ture (around 730 K in this case) is found at the shortest distance to the tip,
on the jet center-line, where the mixture fraction is maximum.

5.6 Conclusions

The PLRS technique has been preferred to existing alternatives because of
its capability of providing two-dimensional quantitative mixing results while
not requiring complex calibration or corrections. This scattering process being
elastic, the main limitations come from the external noise potentially detected
by the acquisition system as well, thus affecting the results quantitatively.
However, the geometrical dimensions of the high temperature facility reduce
extensively the noise coming from the background reflections making the PLRS
an attractive solution for quantitative mixing measurements.
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The theory proposed by Lord Rayleigh to electromagnetically describe the
scattering of light by particles much smaller than the incident wavelength
has been presented in this chapter. The widely used expression proposed to
carry out Rayleigh scattering measurements directly relate the particle number
density to the scattered intensity for a calibrated system. The most important
step to previously calibrate such system is the calculation of the Rayleigh cross-
section of the different species under study, particularly the fuel molecules.
A methodology to calculate the cross-section of the n-dodecane is to obtain
the refractive index of the vaporized fuel from the molar refractivity of the
molecule.

Two-dimensional maps of the molecules number density have been obtained
through auto-calibration by using the Rayleigh signal emitted by the ambient
gases surrounding the vaporized jet. As part of the calculation, the tempera-
ture has been evaluated assuming adiabatic mixing of the injected fuel and the
ambient. Several steps have been done to increase the quality of the results
such as specific window slits as part of the optical improvements to reduce
background noise or post-processing image correction like inpainting or me-
dian filtering. An estimation of the uncertainty of the results showed that
the main limiting factor was actually the number of images used to provide
ensemble-average mixing distribution maps rather than bias error.

The analysis of the individual images demonstrated the possibility to ex-
tract accurate information on macroscopic parameters such as boundary or
spreading angle of the vapor region of the jet. With correct spreading an-
gle input, the predictions of the mixing model fall within the uncertainty of
the experimental results for both axial and radial distribution profiles. These
observations reinforce the quantitative aspect of the Planar Laser Rayleigh
Scattering diagnostic applied in this work. At the same time, these results
represent good justification to the utilization of the Abramovich distribution
for vaporized fuel jets. Finally, the assumption concerning temperature made
during image processing also permits obtaining two-dimensional maps of adi-
abatic mixing temperature distribution in the jet.
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6.1 Introduction

As it has been highlighted all along this dissertation, the mixing process be-
tween fuel and oxidizer is one of the main parameters for the quality of combus-
tion [1]. The spray behavior and structure are influenced by several parameters
related to the environment in which the spray is injected and other parameters
inherent to the injection system [2]. In the theoretical background concerning
spray development and behavior (chap. 2), it has been seen that the atomiza-
tion and mixing of a spray were influenced by hydraulic characteristics of the
specific testing conditions.

The techniques developed and applied in this work offer the possibility to
measure the mixing process of sprays injected under evaporative conditions or
not in a quantitative way. Modern Diesel engines but also those working with
gasoline are working with the fuel injected directly in the cylinder. Therefore,
the injection process offers the engineers and developers more versatility to
build new combustion strategies in order to reduce emissions and increase ef-
ficiency. This has a direct consequence on the process of injection as the fuel
must be injected in really changing environments, depending on the combus-
tion strategy used (LTC, MK, HCCI, etc.), the load or even the temperature
of the engine (cold-start).

In the same way, the ambient density and injection pressure are known to
be the two main parameters that influence the spray development and mixing
as described in chapter 2. These entities affect the injection process from the
internal flow, within the nozzle of the injector, until the atomization and/or
evaporation process, depending on the temperature of the ambient gases.

In addition to this, there are still a lot of discrepancies concerning the
experimental results published addressing spray tip penetration or spreading
angle for either the liquid or vapor phases. For example, it has been seen
in the last two chapters (chap. 4 and 5) that the spreading angle of the same
spray was notably different at high or low temperature. This may lead to error
when using simple jet models as the one used earlier to predict the amount of
ambient gases entrained into the flow as they depend upon spreading angle.

Because of the reasons listed above, this chapter presents an evaluation of
the impact of the discharge density and the injection pressure on the global
mixing process of sprays injected under cold and hot environments. First of all,
an analysis of the hydraulic properties of the injection system used provides



6.2. Hydraulic characterization of the injector 221

fundamental information concerning the flow at the outlet and thus crucial
data for predictions. Then, the development and mixing of the isothermal
spray as a function of injection pressure and density are discussed and the
influence of experimental parameters are investigated. A similar analysis is
carried out in the following section focusing on the jets injected under evap-
orative and oxygen free (non-reacting) conditions. Finally, the development
and mixing processes of non-evaporative and evaporative jets are confronted
to make the light on the differences between atomizing and evaporating liquid
spray behavior.

6.2 Hydraulic characterization of the injector

The hydraulic characterization of the injector, which is the main organ of
the complete injection system concerning flow characteristics, is an important
step prior to analyze the spray and its atomization. The results of the different
experimental techniques described in section 3.3 are presented in the following
paragraphs. The mass flow rate and spray momentum, together with the
internal geometry of the nozzle tip are used to describe the flow at the orifice
exit as developed in section 2.3.

Knowing the dimensionless parameters concerning the internal flow such as
discharge, momentum, velocity and area coefficients is of great help to under-
stand and explain the behavior of the developing spray. The intensity of the
turbulence or the apparition of cavitation is directly reflected in those parame-
ters and their evaluation represents additional and solid scientific information.

6.2.1 Internal geometry of the nozzle tip

The parameters defining the relationship between the different geometrical
aspects of the internal shape of the nozzle tip, mainly the orifice and its con-
nection to the needle seat have been measured thanks to silicone molding as
described in section 3.3.1 or in reference [3].

The nozzle of the injector used is of the mini-sac type with a single orifice
placed axi-symmetrically, it means on the same axis as the injector’s body. As
commented previously, the orifice is conical (k–factor = 1.5, see eq. 2.1) and
the desired flow has been reached thanks to hydro-erosion, which also increases
the entrance radius of the orifice, thus making the boundary layer to thicken
the wall. Both characteristics should avoid the apparition of cavitation and
in the same way, area contraction can be expected to be minimal, resulting in
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relatively high discharge coefficient. Some sample pictures of the silicone molds
acquired by the Scanning Electron Microscope (SEM) are shown in figure 6.1.

Figure 6.1: Sample SEM images of the silicone mold with computer-processed
measurements of the single-hole nozzle used in this study: (a) inlet diameter
and entrance radii, (b) half-distance diameter, (c) outlet diameter and (d)
general view.

The results of the internal geometry of the injector measured by the silicone
technique are presented in table 6.1 together with the dimensionless param-
eters described in section 3.3.1. The length of the orifice is provided by the
manufacturer to be 1 mm, the dimension has been verified through X-Ray
tomography to be 𝐿 = 1.005 mm; this minor deviation would not affect the
general tendency of the results anyway. The results of the X-Ray tomogra-
phy have also been used in order to validate the results obtained with the
silicone mold and the discrepancies between both techniques were within the
experimental uncertainty (see sec. 3.3.1).

The results show that the orifice shape is more conical than specified by
the manufacturer (k–factor = 1.8 instead of 1.5). In addition to that, the rel-
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Table 6.1: Internal geometry and dimensionless parameters extracted from
silicone molding of the nozzle.

atively large entrance radius (25 µm) would make the flow motion to thicken
the walls and very limited area contraction can be expected from the results of
the internal geometry. It has to be noticed however that the outlet diameter
is really close to that provided by the manufacturer’s technical drawing (89
µm instead of 90 µm, fig. 3.2); note that this difference is within the mea-
surement uncertainty. The value of the k–factor is affected by the inlet and
outlet diameter and care must be taken when measuring these dimensions as
one micrometer difference represents a tenth of the value of k–factor.

These values are typical for such nozzle type, the position of the orifice
(axi-symmetrical) and the internal geometrical specificities of the nozzle should
mean that the flow does not present cavitation phenomenon. The next-coming
section makes the light on these assumptions through hydraulic characteriza-
tion of the injector.

6.2.2 Rate of injection

To study the flow at the orifice outlet, different injection pressures have been
selected to match the running points of modern Diesel injection systems: 50,
100, 150 and 200 MPa; as well as two discharge densities or back pressures: 2.0
and 6.0 MPa. Two injection durations have been chosen, the first corresponds
to an injection of 𝑡𝑖𝑛𝑗 = 1500 µs long, which has been achieved by tuning the
energizing timing of the solenoid excitation. This in order to get a constant
actual injection duration for all testing pressures. The second one however
has been set by controlling the electronic signal only with a constant dura-
tion of 𝐸𝑇 = 2500 µs; this induces that the actual injection length may vary
depending on the injection and discharge pressures. This second timing has
been selected in the aim of getting a longer stabilized part of the injected flow
corresponding to the maximum needle lift. For the analysis, only the steady
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period of the signal only has been considered to get mean values of both the
rate of injection for each testing condition. Note that this testing plan has
been applied for the momentum flux measurements as both results are utilized
later to extract the hydraulic parameters.

Figure 6.2 presents the two processed signals of the mass flow rate for the
reference condition changing the injection duration. It appears clearly that
both signals are superimposed until the mass flow rate of the shorter injection
starts to decrease, meaning that the needle is closing the injector.

Figure 6.2: Temporal evolution of the rate of injection recorded by the flow
rate meter. The electronic signal is plotted at the top and the pressure signal
measured at 70 mm from the injector is represented in the middle.

This signal presents the mass flow rate recorded by the experimental equip-
ment available, the initial ramp of the injection corresponds to the needle
opening and the final decay, before the mass flow rate drops down to zero is
the closing of the needle. Although these two periods are really important
for the development of the spray and air entrainment, they cannot be used
to extract the hydraulic coefficients in a quantitative way. For these reasons,
figure 6.3 presents the mean value of the mass flow rate as a function of the
square root of the pressure drop ∆𝑃 with ∆𝑝 = 𝑝𝑖𝑛𝑗 − 𝑝𝑏, which should be
linear theoretically as described by equations 2.11 and 2.12.
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Figure 6.3: Steady mass flow rate as a function of the square root of the
pressure difference.

As the mass flow rate follows a linear tendency, it can be concluded that the
flow at the outlet is not restricted, this means that no cavitation phenomenon
is observed for this injector for all conditions tested. The discharge coefficient
is another way to represent the mass flow rate, this well-known dimensionless
parameter is represented in figure 6.4 as a function of the theoretical Reynolds
number [4].

Figure 6.4: Discharge coefficient 𝐶𝑑 as a function of the Reynolds num-
ber. Reynolds number has been calculated thanks to the theoretical velocity of
Bernoulli (eq. 2.11).

This last plot clearly indicated the evolution of the discharge coefficient
with respect to the Reynold number mainly controlled by the injection pres-
sure. The value of the discharge coefficient presents a first ramp for relatively
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lower Reynolds number and then, the evolution seems to be more controlled
with a slightly increasing linear tendency. This behavior has been observed
by other researchers [5–7] who attributed those two distinct tendencies in the
evolution of the 𝐶𝑑 to the fact that the flow goes from laminar (or within the
transition zone) to turbulent while 𝑅𝑒 increases.

It appears that the measured discharge coefficient is actually higher than
the value specified by the manufacturer, it is however in agreement with the
values found for such nozzles of slightly larger diameters [8].

6.2.3 Momentum flux of the spray

As commented in the previous section, the same test matrix has been used
to perform momentum flux measurements. The equipment and procedures
employed in this study have been detailed earlier (sec. 3.3.3) and more infor-
mation is available in reference [8]. Sample signals of the momentum flux at
the orifice outlet with respect to time are shown in figure 6.5 for two injection
durations.

Figure 6.5: Momentum flux of the spray measured as a function of time.

The observations made on the rate of injection signals can be repeated
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concerning the spray momentum. The signal is also composed of three phases
or periods, the needle opening, triggering the start of injection, then, the steady
period, when the needle lift is maximum and finally, the closing of the injector,
when the needle is going back to its initial position. As introduced earlier, the
opening and closing stages are transient periods and therefore, depending on
the equipment and the methodology of the experimental technique, they may
provide different results. As the purpose of this study is to evaluate the mixing
process in steady conditions, the dynamic behavior of the spray in the transient
regions is not part of the work.

Nevertheless, a remark has to be made concerning the steady period of
the injection: the oscillations observed on the mass flow rate (fig. 6.2) are still
present in the momentum flux, but their amplitude is several times smaller.
The larger oscillations observed on the recorded signals of the temporal evo-
lution of the mass flow rate are inherent to the technology employed, it means
the long tube or Bosch method. The fuel being injected into an incompressible
fluid (the same fuel actually), the energy released is not damped out as it is
when injecting into gases, like it is the case for spray momentum measure-
ments. A fluid-hammer is generated as both the fuel to be injected and the
fuel remaining in the testing section of the rate meter are traveling in opposite
directions to fill the gap opened by the needle as it moves backwards. Thus,
the particular hydraulic aspect of the mass flow rate is produced by the exper-
imental technology which enhances the amplitude of the vibro-acoustic modes
of the injector principally. This is an additional reason to support the fact
that only the mean value of the steady period is used for the analysis.

The mean value of the momentum flux of the spray is represented in fig-
ure 6.6 as a function of the pressure drop. As expected, the momentum flux
is linear with the pressure drop as theoretically described by equation 3.9 and
applying the theoretical velocity of Bernoulli as presented in equation 2.11.

The momentum flux can also be represented as a dimensionless parameter
as described by equation 3.15 and shown as a function of the Reynolds number
in figure 6.7.

The behavior of this parameter called the momentum coefficient is sim-
ilar to that of the discharge coefficient with a softer transition between flow
regimes. The tendencies of these two coefficients may differ if the apparition of
cavitation inside the orifice causes a restriction of the flow, which is apparently
not the case for this injector.
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Figure 6.6: Mean value of the momentum flux in the steady period as a
function of the pressure difference.

Figure 6.7: Momentum coefficient 𝐶𝑚 as a function of the Reynolds number.

6.2.4 Additional characteristic parameters

Section 3.3.3 describes the hydraulic characteristics that can be extracted from
merging the results of the mass flow rate and momentum flux from the same
injected spray together. The resulting parameters such as effective velocity and
diameter present a real advantage as they actually permit to get an estimation
of the momentum flux (as well as the mass flow rate), which commonly used
to predict spray penetration for example (see sec. 2.5.1).
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Effective outlet velocity

The effective velocity of the fuel stream can be calculated thanks to the mean
value of the mass flow rate and momentum flux under steady conditions as
described by equation 3.10. Figure 6.8 represents the effective velocity at the
outlet as a function of the square root of the pressure drop.

Figure 6.8: Effective velocity of the flow at the orifice exit as a function of
the square root of the pressure difference.

As expected for non-cavitating nozzles, the velocity of the spray is linear
with the square root of the pressure difference, as suggested by the theoretical
velocity proposed by Bernoulli (eq. 2.11). From the effective velocity, the
velocity coefficient can be extracted according to equation 3.12. This other
dimensionless parameter basically represents the difference between the actual
velocity of the stream with the theoretical velocity and its evolution with the
Reynolds number is depicted on figure 6.9.

The behavior of the resulting velocity coefficient differs from the previ-
ous coefficients calculated in the fact that the transition from lower to higher
Reynolds number is not clear anymore. Nevertheless, this trend is in agreement
with previous results from similar geometries [8], which showed asymptotic
tendency as the Reynolds number increases.

Effective area of the orifice

Another important parameter provided by the experimental techniques em-
ployed here is the effective area; in other words, the effective diameter of the
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Figure 6.9: Velocity coefficient 𝐶𝑣 as a function of the Reynolds number.

orifice. Figure 6.10 shows the effective diameter of the orifice used in this work
as a function of Reynolds number.

Figure 6.10: Effective diameter of the orifice as a function of the Reynolds
number.

The resulting effective diameter (or area) increases with Reynolds number
until it stabilizes to remain constant, for the range of testing conditions cho-
sen for this study. The effective diameter actually depends on the Reynolds
number and therefore on the regime of the flow as observed on the plots of
the other dimensionless coefficients, which present similar behaviors. On the
other hand, this contrasts with the velocity coefficient in which there was no
real change of the general behavior according to Reynolds number.

The area coefficient represents the ratio of the effective area and the geo-
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metrical one, provided by the manufacturer of the injector or any other exper-
imental solution to extract the actual geometrical shape of the orifice (Silicone
mold, X-Ray tomography, etc.). From the mathematical expression of the
area coefficient (eq. 3.13), its behavior must be similar to that of the effective
diameter presented in figure 6.10.

The evolution of the effective diameter with the Reynolds number can be
explained by the fact that when the regime of the flow is within the transition
phase between laminar and turbulent, the boundary layer still affects the flow
in the orifice. The transition phase of the flow regime means that the flow
is intermittent, or in other words, sometime laminar and sometime turbulent.
Obviously, for lower Reynolds number in this region, the flow is more laminar
and on the contrary, more turbulent for higher Reynolds number [9]. This evo-
lution of the flow regime within the transition phase can explain the behavior
of the effective diameter and area coefficient.

6.2.5 Summary table of the hydraulic parameters

The following table presents a summary of the various parameters obtained
through the hydraulic characterization driven for the injector used in this
study.

Table 6.2: Summary of the measured hydraulic parameters for the reference
conditions (𝑝𝑖𝑛𝑗 = 150 MPa) as well as flow coefficients to be used to poten-
tially adjust model predictions.

The different characteristics of the injection system are always useful to
better understand and explain the behavior of the injected spray when inter-
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acting with the ambient gases.

The effective diameter is lower than that specified by the manufacturer,
but the value reported here gets actually closer to the measurements obtained
through silicone molding. Concerning the hydraulic coefficients, everything has
been already said above; the discharge coefficient seems to be slightly higher
than the value specified by the manufacturer (0.88 vs. 0.86).

6.3 Mixing evolution in isothermal sprays

The results of the experiments performed in the aim of studying the evolu-
tion and global mixing process of modern Diesel sprays injected under non-
evaporative conditions are presented in this section. An analysis of the results
provided by the different experimental diagnostics is carried out as well as a
comparison with the Musculus jet model used earlier [10] as it can provide
additional information about the results from a critical point of view.

As it has been described in the chapter concerning the experimental tech-
niques (chap. 3), the isothermal sprays have been studied through macro-
visualization to get the boundary and thus extract tip penetration and spread-
ing angle. The laser diagnostic developed and extensively described in chap-
ter 4 provides the results of mixing in terms of two-dimensional maps of mix-
ture fraction. A discussion about the results from a comparative point of view
is proposed to see if the assumption generally done that considers an isothermal
spray mixing field similar to that of a gas-jet is valid or not. These diagnostics
have also been applied to different experimental conditions in order to evaluate
the influence of parameters such as injection pressure or ambient density on
the development of sprays and global mixing process.

The testing conditions chosen to study the evolution of isothermal sprays
have been thought with the similar philosophy as that used to hydraulically
characterize the injection system. This means that the objective was to match
the possible conditions in terms of injection pressure and ambient density of
a modern Direct-Injection Diesel engine. For this purpose, the same injection
pressures have been selected: 50, 100, 150 and 200 MPa. Concerning the am-
bient density, the condition: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 22.8 kg/m3 is the reference
as it represents an intermediate running point in modern injection process in
Diesel engines. From this reference, two additional conditions have been chosen
to get the influence of the density of the ambient gases on mixing, leading to a
total of three discharge densities: 7.6, 22.8 and 45.6 kg/m3. Note that the test-
ing conditions referring to ambient density during hydraulic characterization is
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expressed in terms of discharge pressure as pressure drop is the main parameter
to study internal flow. On the other hand, when studying spray development
and mixing in the relatively far-field, the ambient density is the parameter of
control. The injector energizing time has been set to 𝐸𝑇 = 2800 µs as this
time was long enough for the steady region of the spray to reach the end of
the visualization window at all testing conditions.

6.3.1 Macroscopic parameters of the liquid spray

The global penetration rates for non-evaporative sprays as a function of time
are presented in figure 6.11 for the four ambient densities at an injection pres-
sure of 150 MPa (a) and for the four injection pressures under an ambient
density of 22.8 kg/m3 (b). The time after start of energizing (ASOE) refers to
the time from the electronic command of the solenoid, it does not take into
account the hydraulic delay of the injector.

Figure 6.11: Temporal evolution of the tip penetration for non-vaporizing
sprays. The plots represent the influence of ambient density (left) and injec-
tion pressure (right).

The plots show that for an increase of the ambient density, the penetration
rate decreases, and inversely, it increases with a increment of the injection
pressure. These observations are in agreement with both the theory presented
in section 2.5.1 and the experimental results found in the literature [11–13].
As it can be noticed, both the injection pressure and ambient density have
important impact on spray tip penetration. The correlations available to pre-
dict the penetration rate of injected sprays require the spreading angle, for
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that reason, this macroscopic parameter has been measured according to the
methodology described in section 3.4.2.

Figure 6.12 shows the resulting spreading angle as a function of time for
all ambient densities at constant injection pressure (150 MPa) (a) and for the
different injection pressures under constant ambient density (22.8 kg/m3) (b).

Figure 6.12: Spreading angle as a function of time for non-vaporizing sprays.
The influence of ambient density is plotted on the left and injection pressure
on the right side.

On these two graphs, the first observation can be that the spreading angle
does not seem to be affected after a certain time, which corresponds to the
break-up time proposed by Hiroyasu et al. [14]. Another comment is also that
the effect of the discharge density on the spreading angle appears to be higher
than the effect of the injection pressure whereas this difference does not appear
clearly on the penetration rate. It has to be said that the conclusion drawn
here concerning the influence of the ambient density on spreading angle has
been already formulated by other researchers [12, 14], the observations made
on the effect of the injection pressure is still the subject of controversy.

Care must be taken when analyzing results of spreading angle with con-
ventional optical techniques like macro-visualization of the spray because the
parameters used during image processing affect the resulting spreading an-
gle widely. For instance, the total standard deviation on the spreading angle
for the reference testing conditions (𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 22.8 kg/m3) is
higher than 4∘, which represents about 25 % of the measured spreading angle:
𝜃 = 17.3∘.

Figure 6.13 represents a confrontation of the penetration rate measured
for the reference condition and that predicted by the Musculus model [10] for
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the spreading angle measured through macro-visualization. In addition, this
plot shows the predicted spray tip penetration by tuning the spreading angle
in order to match the measured penetration rate. The input parameters of
the model predictions concerning the hydraulic characteristics of the injection
system are presented in table 6.2. The resulting spreading angle to achieve
the better fitting between measured and predicted appears to be smaller than
that extracted from the images.

Figure 6.13: Comparison of the measured and modeled spray tip penetration
rates for the reference condition. The dashed line is the predicted penetration
for the measured spreading angle and the dot line the prediction obtained by
tuning the spreading angle to match penetration rate.

The comparison between experimental and predicted penetration shows
that they both present slightly different behaviors. It appears that the spray
penetrates faster in the chamber during the first instants than the prediction
and then, the velocity penetration rate decreases to follow the predicted one
better. This can be explained by the limited momentum transfer between the
liquid droplets and the ambient gases at the beginning of the injection. This
causes a velocity slip between both media and therefore, the spray droplets
travel at higher speed making the spray tip to penetrate faster. Then, the
air entrained within the spray stream increases and the momentum transfer is
more complete, making the penetration to resemble the predicted one.

Therefore, the difference in terms of spray width can be explained from two
points of view. A first hypothesis is that the measured spray is too wide; this
explanation could be valid as long as the standard deviation of the measured
spreading angle is relatively high, even in the steady period of the spray. The
difficulty to measure the spreading angle has been observed and supported by
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measurements published by other researchers [13]. The second explanation
might be a difference in terms of development between the isothermal liquid
spray and the predictions based on the gas-jet theory as introduced in the
previous paragraph. This is supported by the results of section 4.5.3 with
figures 4.33 and 4.34, in which the mixture fraction distribution within such a
two-phase flow does not match the mixing distribution of the model.

Despite this and in a matter of comparing quantitative results of mix-
ture fraction distribution with a validated model for vaporized Diesel jets [10],
the spreading angle is obtained through model-measurement penetration rate
matching. Table 6.3 presents both the measured and modeled spreading angles
for the different experimental conditions.

Table 6.3: Summary of the resulting spreading angles from experiments and
through fitting of the measured penetration rate.

6.3.2 Discussion on radial distribution profile

The development of isothermal sprays is not exactly predicted by the model
proposed by Musculus [10]. The modeled penetration rate does not adjust the
experiments all along the development of the spray and therefore, this has an
influence on the comparison of the mixing field. Figure 4.33 and 4.34 presented
in chapter 4 already introduced this particularity of liquid Diesel sprays by the
fact that the experimental distribution does not match the predictions.

First, the spreading angle can be implicated to explain the difference be-
tween model and experiments. It has been observed in the previous section that
the resulting spreading angle was different to match penetration rate better.
Based on the spreading angle to fit spray development, a plot of the resulting
mixture fraction along the centerline of the spray is presented in figures 6.14
along with the radial profiles of the mixture fraction at two distances from the
orifice exit. These profiles concern the reference condition (𝑝𝑖𝑛𝑗 = 150 MPa,
𝜌𝑔 = 22.8 kg/m3) and have already been presented in chapter 4 but in these
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two graphs, the model predictions have been adjusted with the methodology
described above.

Figure 6.14: Measured mixture fraction and model predictions of the isother-
mal spray on centerline and for radial profiles at two axial distances for the
reference condition: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3.

The experimental results presented here have been extracted by applying
the SPLI-2P technique performed over an average of two times a hundred
images (100 per phase) to reduce the uncertainty of the measurements due to
spray dispersion. A different spreading angle as input to the model seems to
make the predictions to get closer to the measurements when compared to the
results presented in figures 4.33 and 4.34, particularly concerning the mixture
fraction on the centerline. On the radial profiles, the predictions appear to
match the very edge of the mixture fraction correctly, showing the capability
of the SPLI-2P technique to record the mixture fraction even for low values.
On the other hand, the experimental radial profiles look narrower than the
predictions for both distances from the orifice outlet.

This corroborates the observations made earlier on the experimental results
concerning the mixture fraction distribution in an isothermal spray (sec. 4.5.3)
in figures 4.33 and 4.34. These results make the mean mixture fraction along
the axial direction to match better between the model and the experiments
as the spreading angle is now larger, thus reducing the mean mixture fraction
in the spray axially as depicted in figure 6.15. Good agreement with the
mean mixture fraction demonstrates that the experimental technique performs
quantitatively in liquid Diesel sprays and that the methodology developed to
obtain spreading angle is valid.

It has to be noted also that the model radial distribution is not exactly
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Figure 6.15: Experimental and computed mean mixture fraction for the ref-
erence condition along with the axis of the spray. Spreading angle has been
adjusted by matching penetration rate.

a Gaussian error function as the mixture fraction on the edge of the jet ac-
cording to the model-based prediction is equal to zero. Whereas it would be
approximately 3 % with a realistic Gaussian-like profile [10]. Due to the low
mixture fraction on the spray boundaries, the SNR of the measurements is also
low and the absolute value concerning mixture fraction in these regions is not
warranted.

The model proposed by Musculus calculates the mean volume fraction
(transformed into mass or mixture fraction via eq. 4.29 and 4.30) in the spray
axially as in the initial version of the model presented by Naber and Siebers
[12]. Then, the model uses the radial distribution proposed by Abramovich [15]
to rebuild both the axial distribution on the centerline and the radial one.

Several definitions of the radial distributions can be found throughout the
literature [15–19] all based upon experimental results and empirically adjusted
to fit them. In the last decade of liquid spray analysis, the distribution profile
initially proposed by Hinze [16] and later adjusted by Correas [19] for isother-
mal liquid sprays has been found to be the best fit for numerous works [20–23].

The next figure (fig. 6.16) shows the axial and radial profiles of the mixture
fraction for the reference condition compared to the predictions assuming the
Abramovich profile suggested by Musculus [10] and the exponential shape of
the radial distribution proposed by Correas [19]. The radial distribution ex-
perimentally adjusted by Correas has been presented in the theoretical section
(sec. 2.5.4) and is mathematically described in equations 2.37.
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Figure 6.16: Comparison of the measured mixture fraction with model predic-
tions assuming two distinct distribution profiles: Abramovich [15] and expo-
nential [19]. This sample corresponds to the reference condition. Centerline
is plotted on the left side of the figure and radial profiles on the right.

The exponential profile distribution seems to make the model to follow the
experiments better for both the centerline and the radial profiles. There are
almost no difference between modeled and experimented mixture fraction on
the centerline except for short distances to the injector tip. Radially, the base of
the Gaussian-like profiles (exponential) close to the spray boundaries coincide
well with the experiments, confirming once again the value of the spreading
angle. Following the profile, based on its narrower shape, the exponential radial
profile gets closer to the experiments and both lines are almost matching each
other until the centerline for the 25 mm location downstream.

Another argument can be advanced to explain the difference of shape be-
tween predictions and experiments: the different distributions between mass
and momentum. This physical aspect can be interpreted as the different distri-
bution of mass and velocity within the spray. Depending on the kinematic fluid
viscosity and mass diffusivity, this phenomenon is described by the Schmidt
number presented in section 2.5.4 through equation 2.34. The formulation of
the exponential distribution presented by Correas (eq. 2.37 [19]) includes the
Schmidt number. However, to apply this formulation, the radius or spreading
angle of the spray from a point of view of the velocity distribution is required.

Nevertheless, several works intended to adjust the value of the Schmidt
number for the model to predict fuel concentration in isothermal liquid sprays
and generally found values below the unity. The study driven by Prasad and
Kar [24] provided values of the Schmidt number in the range of 0.7-0.8 for low
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injection pressures (about 20 MPa) and relatively large nozzle orifices (mini-
mum diameter: 𝐷 = 0.4 mm). More recently, Desantes et al. [22] developed
a model to predict fuel distribution in liquid sprays and their results showed
good agreement for values the Schmidt number around 𝑆𝑐 = 0.8. Last year,
the same group compared the results obtained via a technique using two-
dimensional X-Ray radiography developed at Argonne National Laboratories
to their model and found lower Schmidt number (𝑆𝑐 = 0.5) for good agreement
within the near-nozzle field [25].

This represents the last study based on robust X-Ray dataset published up
to now, this confirms that the Schmidt number for isothermal liquid sprays,
on the contrary to gas-jets, can be assumed to be below the unity. This as-
sumption goes in the same direction as the mixture fraction measured through
Structured Planar Laser Imaging as a it means higher mass distribution on the
centerline and thus narrower radial distribution, assuming a constant spreading
angle.

6.3.3 Influence of experimental conditions on mixing

The Structured Planar Laser Imaging technique developed in chapter 4 has
been applied to the test matrix presented earlier to study the global air-fuel
mixing over a wide range of experimental conditions. As explained in the
corresponding chapter, the images have been acquired after relatively long
time after the start of injection (time ASOI) in order to ensure that the laser-
sheet illuminated the steady period of the development of the spray. These
timings have been known thanks to the high-speed imaging recording the spray
tip penetration within the chamber.

In order to draw conclusions over a wider range of experimental conditions,
figures 6.17 and 6.18 presents axial and radial profiles of the mixture fraction
for the two other ambient densities: 𝜌𝑔 = 7.6 and 45.6 kg/m3. The results of
the model correspond to the axial and radial profiles (Abramovich and expo-
nential distributions) adjusted according to the discussion carried out in the
section above. Note that the two additional conditions concerning ambient
density represent a third (7.6 kg/m3) and twice (45.6 kg/m3) the value of the ref-
erence density condition. These two points represent a full range of ambient
conditions for sprays in modern Diesel engines with the last injection strate-
gies (multiple injections for example) and technologies (e.g. turbochargers)
implemented.

The density of the ambient gases affects the behavior of the spray in terms
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Figure 6.17: Measured mixture fraction and model predictions of the isother-
mal spray on centerline and for radial profiles at two axial distances. Exper-
imental conditions: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 7.6 𝑘𝑔.𝑚−3.

Figure 6.18: Measured mixture fraction and model predictions of the isother-
mal spray on centerline and for radial profiles at two axial distances. Exper-
imental conditions: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 45.6 𝑘𝑔.𝑚−3.
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of penetration rate, as it has been already said, but also in terms of global
mixing as both are ultimately related. This dataset however shows the con-
sistency of the experiments as the same observations can be made concerning
the evolution of the mixture fraction either axially or radially.

Lower discharge density makes the spray to penetrate faster, but also to be
narrower and therefore, to entrain less ambient gases in the stream. The impact
on the mixture fraction distribution is that it is narrower and has a higher
maximum on the centerline. Under higher ambient density conditions, the
contrary is observed, the spreading angle of the spray is larger, thus entraining
the ambient gases at a higher rate. As a result, the mixture fraction on the
centerline is lower and the Gaussian-like radial profile wider. This difference in
terms of mixing distribution is represented in figure 6.19 in which the resulting
axial and radial profiles of the mixture fraction are plotted together.

Figure 6.19: Measured mixture fraction of the isothermal spray on the center-
line (left) and radially at 25 mm downstream. This graph shows the influence
of ambient density on fuel-ambient mixing at constant injection pressure:
𝑝𝑖𝑛𝑗 = 150 MPa.

This has an influence on the global mixing and further processes as the
boundary for stoichiometric fuel-air ratio is observed to be at different locations
depending on the discharge density. Taking into account that this parameter
is changing with time, it is understandable that the injection strategy is a key
in the global internal combustion process of modern Direct-Injection engines.

The injection pressure is another important parameter concerning spray
development as depicted on figure 6.11 as the injected mass flow rate is a func-
tion of this. On the other hand, it has been observed that the spreading angle
was only slightly affected by the injection pressure as shown on figure 6.12(b).
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The results recompiled in table 6.3 confirms this influence and shows that the
isothermal spray gets narrower when injection pressure increases. Note that
this effect is lower for low discharge densities, in other words, almost no dif-
ference is observed for the lowest ambient density applied in this study. The
next figure (fig. 6.20) presents a confrontation of the resulting mixture fraction
measured by the SPLI-2P technique when the injection pressure is varied.

Figure 6.20: Measured mixture fraction on the centerline (left) and at 25
mm downstream (right) for different injection pressures. These results cor-
responds to the reference ambient density condition: 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3.

The graph shows only slight differences between the mixture fraction distri-
bution of the spray for injection pressures from 50 to 200 MPa under a typical
ambient density of 22.8 kg/m3. Therefore, it is hard to make a conclusion on
whether an increment of the injection pressure is helpful for the mixing or
prejudicial. According to the results, the simple explanation is that even if
the fuel is supplied at a higher mass flow, the entrainment rate of the ambient
gases is balanced and hence, the mixture fraction remains similar.

In order to present the results concerning the mixture fraction distribution
of an isothermal spray from a global point of view, the mixture fractions on
the centerline at an axial distance of 25 mm have been graphically represented
in figure 6.21. This figure is a compilation of the 12 different experimental
conditions tested in this work.

The impact of the experimental conditions on global mixing of liquid sprays
appears clearly in this figure. The effect of the ambient density has already
been observed directly on the mixing distribution on the centerline and more
particularly on the radial profiles. As commented before, the ambient den-
sity affects the development of the spray, by increasing ambient density, the
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Figure 6.21: Graphical representation of the mixture fraction evolution as a
function of ambient density for all injection pressures tested. The values are
taken on the centerline at 25 mm from the tip.

momentum flux of the stream "fights" against higher forces to penetrate in
the gases and this increases the ratio between axial and radial diffusion com-
ponents. Hence, the global mixing field of the spray is extended radially, or
in other words, the spray opens more, thus entraining the ambient gases at
a higher rate. The logical conclusion is that the local mixture fraction gets
lower when the entrainment rate of the ambient gases surrounding the spray
increases. This effect can be summarized as a balance between spray mo-
mentum and ambient density as supported by the numerous works [26,27] and
models [12,20,21] available to predict penetration or global mixing distribution
of sprays as described earlier in the theoretical background (sec. 2.5).

The relationship between global mixing within the spray and spray tip pen-
etration has been pointed out as both are closely related to momentum flux.
The consequence of increasing injection pressure while holding ambient density
makes the spray to penetrate faster in the chamber. On the other hand, it has
been observed that the injection pressure does not have a large influence on
spray opening or spreading angle, thus meaning that the gas entrainment is
balanced with spray development. This makes the fuel concentration or mix-
ture fraction to remain sensibly the same no matter the injection pressure, for
those particular experimental conditions as shown on figure 6.21. However,
one collateral phenomenon of an increment of the injection pressure is the cav-
itation [28–30]. The spray injected by a nozzle under cavitating conditions has
been seen to have different development behavior such has slower penetration
and wider spreading angle than under non-cavitating conditions [31]. The phe-
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nomenon of cavitation has been described in the theoretical part of this thesis
in chapter 2, relating the influence of cavitation to disintegration rate.

6.4 Mixing evolution of vaporized jets

In modern Direct-Injection engines, the sprays are directly injected into the
combustion chamber, which is at different ambient conditions depending on
the running point and injection strategy. From a practical point of view, the
ambient conditions change according to the position or time in the engine cycle
as described in section 2.2. The injection of fuel generally starts during the
compression phase, as the piston compresses the gases present in the already
closed combustion chamber, their pressure (density) and temperature increase
until top dead center (TDC). At the same time, depending on the technology
of the engine, the ambient conditions at TDC change and for this reason,
it becomes interesting to study the evolution of development and mixing of
evaporative jets for a range of internal conditions.

For this purpose, the sprays have been injected in a specific facility capable
of simulating conditions in terms of temperature and pressure found at TDC
in modern Diesel engines as described in section 3.5.1. Macro-visualization
and Planar Laser Rayleigh Scattering diagnostics have been applied to study
the evaporative jets generated by the same injection system used all along this
study. The results are confronted to the mixing model proposed by Musculus
[10] as the previous results showed good agreement between experiments and
predictions. An analysis of the influence of the experimental parameters on
development and global mixing of vaporized jets is also drawn as for non-
evaporative sprays.

To study the influence of the parameters from both the injection and the
ambient gases sides, the injection pressure and the ambient density of the gases
in the chamber have been varied in a similar range to that used for hydraulic
characterization and non-vaporizing sprays. The test matrix applied to these
tests differs a little from the one built for isothermal sprays mainly due to lim-
itations of the diagnostics or equipments. Concerning the ambient density, it
has been observed that beam steering at the highest case (𝜌𝑔 = 45.6 kg/m3) was
too severe thus being prejudicial for quantitative measurements as the correc-
tion strategy implemented to compensate this phenomenon was not performing
correctly. For this reason, the highest ambient density case has been removed,
leading to the following density conditions: 7.6 and 22.8 kg/m3. Because of the
limitations of the injection system, the highest injection pressure condition has
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not been tested in the evaporative jet facility, meaning that the three pressure
conditions were: 50, 100, and 150 MPa. In a matter of presenting mixing
evolution with experimental parameters, an additional density condition has
been simulated, it corresponds to two thirds of the reference density and has
only been tested with the reference injection pressure (150 MPa). Due to the
internal dimensions of the vessel (100 mm long), the injection electronic tim-
ings have been varied from 2.5 to ≈ 8.5 ms depending on testing condition in
order to always get the steady period of the jet at the time of laser radiation
for Rayleigh scattering measurements. The image timings have been obtained
thanks to Schlieren imaging of the vaporized jet penetration and were in the
range of 3.5 ms to 9.0 ms after start of electronic command of the injector
(time ASOE).

To perform Rayleigh scattering in evaporative jets, one preliminary ob-
jective is to prevent liquid droplets from reaching the illumination plane that
would strongly interfere with the measurements as introduced earlier. The
reference condition imposes the most relevant parameters such as ambient
density, injection pressure and temperature to be 𝜌𝑔 = 22.8 kg/m3, 𝑝𝑖𝑛𝑗 = 150
MPa and 𝑇𝑔 = 900 K, respectively. At this condition, the length of the liquid
region measured through Mie scattering revealed to be around 11 mm, thus
providing complete vaporization of the fuel before the laser-sheet placed at
17 mm. Nevertheless, the liquid length changes with operating conditions,
for example, decreasing ambient density from 22.8 to 7.6 kg/m3 extends liquid
length from 11 to more than 19 mm according to the scaling law proposed by
Siebers [32]. Note that a liquid length of 11 mm does not mean that there
is absolutely no liquid droplets after this distance but some may penetrate
further; that is why the laser-sheet is placed several millimeters downstream.

Therefore, one solution could be to move the laser-sheet forward far enough
to avoid interferences from liquid droplets for lower discharge densities. As the
objective of the study is also to confront the resulting mixing fields against each
other, this solution has not been ruled out. The approach used here has been
to raise the temperature of the ambient gases up when decreasing ambient
density to reduce the liquid length. The temperatures of the ambient gases to
obtain approximately constant liquid length have been predicted by the liquid
scaling law proposed by Siebers [32]. This model considers perfect mix between
injected fuel and ambient to assume complete momentum transfer, which does
no longer depend upon ambient temperature but ambient density only. The
resulting temperatures to get constant liquid length prediction when applying
Siebers model are 1100 K at 15.2 kg/m3 and 1400 K at 7.6 kg/m3, in addition to
the 900 K of the reference condition (22.8 kg/m3).
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6.4.1 Vapor jet boundary

Schlieren imaging has been used to obtain the vapor boundary of the devel-
oping jets under evaporative conditions and to extract penetration rate and
spreading angle. Figure 6.22 shows a sample Schlieren image of a vaporiz-
ing jet together with the boundary of the vapor region processed through the
methodology described in section 3.5.2.

Figure 6.22: Sample image extracted from high-speed Schlieren for the refer-
ence condition with computed vapor boundary plotted in green. Raw image
(top) and corrected image (bottom) are shown according to image processing
(sec. 3.5.2).

The background of the raw image shows disturbances due to temperature
(density) gradient that causes beam steering. In addition, these disturbances
may affect the processing as the background is not flat and therefore, the real
boundary of the jet can be mis-detected. Pickett et al. [33] observed that for
different Schlieren sensitivity setups, the disturbances in the background were
changing thus influencing the detection of the boundary, leading to different
macroscopic parameters, particularly concerning the spreading angle.

The spreading angle of the evaporative jet is required as an input to the
model in order to compare the experimental results to the predictions. Fig-
ure 6.23 is a plot of the temporal evolution of the spreading angle for the three
ambient densities. Note that the injection pressure has not been varied for
vapor penetration measurements as the first objective is to extract spreading
angle. Variations on spreading angle while changing injection pressure have
been observed to be very limited [13, 14]. Therefore, because of the lack of
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accuracy of the boundary detection through Schlieren imaging, the small dif-
ferences induced by injection pressure variation could barely be measured.

Figure 6.23: Spreading angle of the vapor region of the jet as a function of
time for different ambient densities.

The results of the spreading angles measured on Schlieren imaging are in
agreement with the expectations, it means narrower jets at lower ambient den-
sity. On the other hand, thanks to the accuracy of the Rayleigh scattering di-
agnostic developed in this work, the spreading angle can also be evaluated from
the quantitative mixing results directly as presented in section 5.5.1. It is in-
teresting nevertheless to compare the results of the spreading angles extracted
through Schlieren to the values provided by Rayleigh scattering measurements.
Table 6.4 presents the average spreading angle for the steady period of the de-
veloping jets extracted from Schlieren images and compared to the average of
the resulting angle measured on of the single-shot mixing maps.

Table 6.4: Summary of the spreading angles obtained through Schlieren ex-
periments and thanks to an evaluation of the jet opening on two-dimensional
individual mixing fields.

The values of the spreading angles summarized in this table show that the
results extracted from the jet boundary detected on Schlieren images always
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provide several degrees lower spreading angles (narrower jets). This has been
observed by Pickett et al. [33] and they explained this aspect by a lower sensi-
tivity of the Schlieren optical setup, hence influencing the detection threshold.
For this reason, the spreading angles extracted from averaging the single-shot
values on Rayleigh scattering signals have been used as input to the Musculus
jet model [10] for comparison.

Figure 6.24 represents the vapor phase penetration as a function of time
for the different ambient densities. On this same graph, the penetration rate
predicted by the model when the spreading angles from Rayleigh scattering
shown in table 6.4 are used as input.

Figure 6.24: Temporal evolution of the vapor-phase penetration measured
through Schlieren imaging. The predicted penetration rates are also repre-
sented (dashed lines).

The penetration rates for the different ambient density conditions are
matching each other, although it has been noticed that the vapor bound-
ary obtained from Schlieren imaging provided smaller spreading angles. This
observation is important as it proved the accuracy of Schlieren diagnostic to
record tip penetration, this aspect has also been studied by Pickett at al. [33].
From another point of view, such good agreement for penetration rate between
experiments and predictions could confirm the validity of the spreading angles
extracted from Rayleigh scattering signals.

6.4.2 Mixing measurements and parameters influence

Two-dimensional mixing maps of jets injected under evaporative conditions
have been obtained thanks to the Planar Laser Rayleigh Scattering technique
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developed in chapter 5. The long timing after start of injection have been
used to ensure the acquisition of steady jets, in addition to reduce the par-
ticle contamination as explained earlier. The resulting two-dimensional map
and profiles of mixture fraction of the vapor region of the jet for the reference
condition (𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3 and 𝑇𝑔 = 900 K) have been
presented in section 5.5.2. The results showed good agreement with the pre-
dictions of the model proposed by Musculus [10] as the predictions were within
the uncertainties of the measurements all along the axial and radial profiles.
The mixture fraction for the two lower density conditions are presented in fig-
ures 6.25 (𝜌𝑔 = 15.2 kg/m3) and 6.26 (𝜌𝑔 = 7.6 kg/m3) on the centerline and
along the radial profile at two distances from the tip. The results come along
with a gray fill representing a 95 % confidence interval corresponding to the
uncertainty of the measurements developed in section 5.4.3. The spreading an-
gles of the developing jets used for to compute the predictions of the Musculus
model have been measured on the single-shot Rayleigh signals as described
previously in section 5.5.1. The values of the input spreading angles are given
in table 6.4. We remind that the temperature of the ambient gases have been
raised up in order to keep the liquid length approximately constant for all
testing conditions.

Figure 6.25: Measured mixture fraction and model predictions of the vapor
region of the jet on centerline and for radial profiles at two axial distances.
Experimental conditions: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 15.2 𝑘𝑔.𝑚−3 and 𝑇𝑔 = 1100
K.

The predictions for the intermediate density (𝜌𝑔 = 15.2 kg/m3, fig. 6.25) fall
within the uncertainty of the experiments when the radial profile proposed by
Abramovich [15] is used. As commented in the previous chapter (sec.5.5.2),
this profile appears appropriate as suggested by the closeness of the model
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Figure 6.26: Measured mixture fraction and model predictions of the isother-
mal spray on centerline and for radial profiles at two axial distances. Ex-
perimental conditions: 𝑝𝑖𝑛𝑗 = 150 MPa, 𝜌𝑔 = 7.6 𝑘𝑔.𝑚−3 and 𝑇𝑔 = 1400
K.

predictions with the experimental resulting mixture fraction. A divergence is
observed however on the edges of the radial distributions where the mixture
fraction goes down near zero. In fact, the spreading angle used to adjust the
modeled radial distribution is for a mixture fraction of zero, whereas the angle
of the jet measured on the experimental data has been set for a value of 1 % of
the centerline. Nevertheless, the mixture fraction measured through Rayleigh
scattering globally follows the predictions when the spreading angle of the
model is correctly adjusted.

This is not the case concerning the lower density case (𝜌𝑔 = 7.6 kg/m3,
fig. 6.26) in which the predictions are between 30 and 50 % higher than the
experimental mixture fraction. For this specific density, the temperature has
been set to 𝑇𝑔 = 1400 K to avoid liquid droplet interference and seems to cause
the fuel to decompose. Fuel decomposition may occur even if the ambient
gases are inert, like in these tests, due to high temperature. This phenomenon
affects the intensity of the signal emitted through Rayleigh scattering as the
fuel molecules break down and hence, their cross-sections are not conserved.
This effect has been observed by Schulz and Sick [34] applying Laser-Induced
Fluorescence (LIF) in high temperature conditions or flames. They observed
a reduction in signal intensity at elevated temperature and attributed this to
molecular decomposition of the LIF tracer.

To illustrate numerically the potential influence of fuel decomposition on
Rayleigh signal intensity, table 6.5 presents the cross-sections of several hydro-
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carbon fuels and mixtures.

Table 6.5: Rayleigh cross-sections for different linear alkanes together with
stoichiometric mixtures. The equivalent cross-sections for stoichiometric
mixture fraction are also presented.

It can be appreciated that the Rayleigh cross-sections decrease significantly
as the molecules contain less carbon atoms, which seems reasonable as pointed
out by Adam et al. [35]. In addition to that, a break down of the initial molecule
affects the Rayleigh signal in larger scale as the cross-section is not linear with
the number of carbons as shown in table 6.5. This must be processed together
with the stoichiometric mixture fraction of the lower alkane chains with respect
to the initial fuel molecule. By combining those two properties, the apparent
Rayleigh cross-section of the different molecules under stoichiometric ratio is
obtained and given in the fourth column of table 6.5. Considering that all the
n-dodecane fuel (C12H26) have experienced molecular break down into heptane
(C7H16) for example, the resulting signal would be about 25 % lower and this
intensity loss would almost be twice as much if all n-dodecane broke down into
propane (C3H8).

In order to evaluate whether or not the fuel decomposition process occurs
under the operating conditions studied in this work, a simplified form of a
two-stage Lagrangian (TSL) reacting jet model [36, 37] has been used. The
model takes into account the mixing process of two reactants, in this case,
the vaporized fuel and the ambient gases. Then, thanks to the laws of chem-
ical kinetics, the quantity of injected fuel to break down is evaluated as the
temperature of the core increases with entrainment of the ambient gases. The
conclusions are that minimal fuel decomposition can be expected for temper-
ature conditions below 𝑇𝑔 = 1100 K, whereas over this limit, concretely at
1400 K, molecular decomposition is very likely. It has to be said nonetheless
that the decomposition of alkanes chains does not break the molecules down
to single carbon molecules but to higher carbon atoms [38]. This limits some-
how the reduction in terms of signal intensity as the n-dodecane for example
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can be expected to break down into two hexanes (C6H14) and not into twelve
molecules of methane (CH4).

Due to fuel decomposition, the lower density case cannot be considered as
valid concerning the mixture fraction quantitatively. However, the spreading
angle extracted from Rayleigh scattering measurements showed good agree-
ment with the model prediction concerning tip penetration and still represents
valuable data.

Figure 6.27 shows the mixture fraction along the axis of the jet and the
radial profiles at 25 mm from the nozzle exit for the two density conditions
considered as quantitatively valid. The predicted mixture fractions on the jet
centerline is also plotted as references for the measurements.

Figure 6.27: Measured mixture fraction of the isothermal jet on the center-
line (left) and radially at 25 mm downstream (right). The predictions are
also plotted as references along the centerline (dashed lines). The injection
pressure is the reference one (𝑝𝑖𝑛𝑗 = 150 MPa).

According to the plots shown on figure 6.27, the influence of the ambient
density on mixing appears clearly. As expected, the centerline mixture fraction
is higher, simultaneously reducing the width of the jet for the lower discharge
density. This confirms the spreading angles measured on the two-dimensional
maps obtained through Rayleigh scattering as the jet opens less at low density.

On the other hand, if the same approach is conducted, the influence of
injection pressure would be limited as suggested by the spreading angle mea-
surements presented in table 6.4. Figure 6.28 confronts the different injection
pressures of the test matrix built to evaluate mixing under evaporative con-
dition. Both the profiles, axial and radial are almost superimposed for all in-
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jection pressure conditions. Therefore, it can be concluded that the injection
pressure is not a parameter influencing fuel-air mixing process. The prelimi-
nary comments concerning the relationship between jet mixing and spreading
angle seems justified as for similar spreading angle, the local mixture fraction
remains constant no matter the injection pressure.

Figure 6.28: Measured mixture fraction on the centerline (left) (with model
predictions) and at 25 mm downstream (right) for different injection pres-
sures. This sample corresponds to the reference ambient density condition:
𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3.

The lack of dependence upon injection pressure for global mixing of steady-
state evaporative jets is supported by numerous works carried out in this field
showing that the spreading angle is almost not affected [12, 39]. In addition
to this, some studies focusing on the liquid-phase penetration length showed
that this parameter is generally not affected by injection pressure [40]. Other
studies available in the literature can support this through modeling of liq-
uid vaporization [32] or combustion experiments concerning flame length of
reacting Diesel sprays [41].

The graph presented in figure 6.29 illustrates the evolution of mixture frac-
tion as a function of ambient density and injection pressure for the experimen-
tal results finally considered as quantitative.

By grouping the mixing results on a single graph, the influence of ambient
density appears clearly, at the same time, the impact of injection pressure on
global mixing does not appear as negligible as commented previously. On this
graph, the resulting mixture fraction at 25 mm downstream on the center-
line seems to increase for lower injection pressures. This difference might be
compared to that induced by a change of ambient density as the values are
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Figure 6.29: Graphical representation of the mixture fraction evolution as a
function of ambient density for all injection pressures tested. The values are
taken on the centerline at 25 mm from the tip.

somewhat similar. On the other hand, the injection pressure has been changed
from 50 to 150 MPa, being a three times variation, while the ambient density
has been varied from 15.2 to 22.8 kg/m3, which represents a 50 % increment
only. Due to the limited amount of data for evaporative jets, the conclusion is
that mixing is dependent upon spray momentum and spreading angle, closely
related to ambient density [12]. This is also supported by experiments concern-
ing mixing distribution in gas-jets [42–44] and has already been observed and
described for non-vaporizing jets in section 6.3.3. In other words, the entrain-
ment rate of ambient gases plays a major role in the global mixing behavior
of sprays, either liquid or gaseous.

6.5 Comparative study of isothermal and evapora-

tive sprays

Due to the physical confines of a real engine, specific facilities have to be
built to study the different parameters separately without interferences. This
leads to sprays injected in a chamber at room temperature and sometimes
even at atmospheric pressure. Under these conditions, a liquid fuel spray
is more likely to be non-evaporative and therefore, experimental problems
arise when attempting to measure fuel mass fraction for example due to the
optical density of the medium (high number density of polydisperse droplets)
as seen in chapter 4. In addition, mixing behavior may be different between
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a room temperature liquid spray and the same spray injected in high-pressure
high-temperature gases. After some distance, the fuel evaporates and the
momentum transfer is expected to be different as the densities of the flows are
now closer than in a two-phase liquid-gas flow.

At the same time, because of the difficulties encountered when measuring
internal features of isothermal liquid sprays, the models are crucial tools to
improve the general understandings of sprays. One common hypothesis when
building models aiming at predicting development and mixing of sprays/jets is
to assume the similarity with gas-jets [20,21,45], although the fuel is injected
under non-evaporative conditions. The validity of this assumption is supported
by several studies which generally conclude that the theory based upon gas-jet
must be adjusted to fit experiments in liquid-phase developing sprays [20, 21,
46, 47]. These corrections are generally empirical and their scientific meaning
is sometime unclear and even worse, their value change depending on which
physical aspect the study was focusing on.

The last two sections presented the results of development and mixing for
sprays injected in cold and inert gases (typically about 293 K), thus avoid-
ing evaporation and, into hot gases (from 900 to 1400 K) to obtain complete
vaporization of the spray in about 11 mm. The resulting mixture fraction dis-
tributions have been confronted to the predictions of the model proposed by
Musculus [10] and demonstrated to provide quantitative data for vaporizing
jets. The results of the comparison with the same model concerning liquid
isothermal spray measurements did not show similar tendency and the discus-
sion on the radial distribution concluded that Abramovich distribution [15]
might not be the most appropriate for liquid sprays. In addition, the mass
distribution of liquid sprays showed that values of the Schmidt number below
the unity should be used to calibrate the predictions to fit the measurements
better as observed by other researchers [24,25].

6.5.1 Spray tip penetration

The macroscopic parameters of sprays represent a starting point to compare
the development of evaporative jets and isothermal sprays. The spreading an-
gle of the spray is always hard to define and comparison of tip penetration with
empirical expressions showed that the measured opening angle might not be
accurate. Even if it has been seen that this parameter was accurately measured
by quantitative Rayleigh scattering measurements, this kind of diagnostics is
not likely to be used to record spreading angle. On the other hand, com-
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mon visualization techniques such as diffused back-illumination or Schlieren
demonstrated their lack of accuracy to measure spreading angle. One param-
eter from a macroscopic point of view appears to be consistent however: spray
tip penetration. According to Pickett et al. [33], penetration rate is almost not
affected by illumination variation or global sensitivity of the optical system.

A comparison of the spray tip penetration as a function of time for the three
ambient density conditions applied to evaporative jets are shown in figure 6.30.
Note that the intermediate density case, for 𝜌𝑔 = 15.2 kg/m3, has been added
to the test matrix of the isothermal experiments as well. The penetration rate
presented here corresponds to a constant injection pressure of 150 MPa, the
only variables being ambient density and temperature.

Figure 6.30: Spray tip penetration vs. time at different ambient densities for
vaporizing (dashed) and non-vaporizing (solid) sprays. The injection pressure
is set to 𝑝𝑖𝑛𝑗 = 150 MPa.

The evolution in terms of penetration rate whilst changing ambient density
has been described earlier and showed to be influenced the same way for both
temperature conditions. The important observation concerning these plots
resides in the fact that two identical sprays penetrate differently depending on
the temperature of the ambient gases in the discharge chamber. The hydraulic
of the flow at the outlet is assumed to be really similar as the injection system,
i.e. the injector is the same. This means that the momentum flux as well as
the mass flow rate exiting the orifice of the single-hole nozzle used in this study
should be the same no matter the temperature condition tested. Despite this
fact, the penetration rates of liquid sprays are significantly faster than that of
vaporizing jets injected into hot gases; although the discharge density, other
main parameter for spray development (sec. 2.5.1), remains the same.
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It has been presented that the temporal evolution of the penetration dis-
tance can be summarized as a function of spray momentum and ambient den-
sity (see sec. 2.5.1). Since the momentum flux at the outlet can be assumed
to be the same and ambient density is a parameter of the experiments, it can
be concluded that the state of the fluid (liquid or gas) influences spray de-
velopment. Under evaporative conditions, the fuel is already evaporated after
approximately 11 mm, corresponding to the liquid length held during these
experiments (imposed by Rayleigh measurements). For that reason, the spray
can be considered as a gas-jet after complete vaporization and its development
would no longer be that of a two-phase flow. The results seem to go in that
direction as the penetration rates are close until approximately 10 mm and
then the liquid sprays penetrate at higher speed than already evaporated jets.

Further downstream, it looks like the slopes of both penetration rates be-
come more similar, meaning that the behavior of the two different phases gets
closer. Therefore, it seems that the developments of the sprays are similar
in a first region, when both are liquid (within the liquid length). Then, the
isothermal spray penetrates faster in the chamber, even at equivalent ambient
density in both testing sections. Finally, both developments appear to become
more similar as the liquid tip penetration slows down slightly to apparently
match that of the respective evaporative jet. This observation might suggest
a difference in terms of momentum transfer between liquid-gas and gas-gas
flows; this concept can be developed further thanks to mixing measurements.

6.5.2 Spray opening

The opening of the spray or spreading angle is the other main macroscopic
parameter of the spray, on the contrary to penetration which is always depen-
dent upon time, the spreading angle remains quite stable after the constant
breakup length of the injected spray [12, 40]. In fact, the spray penetrates in
the discharge chamber thanks to the initial momentum flux until the end of
injection, after what the inertial forces drag the stream further. This implies
that a stabilized spray would keep penetrating in the ambient gases while the
spreading angle would be constant. The penetration rate and spreading angle
are closely related to air entrainment and thus mixing as it has been observed
earlier in this chapter. At the same time, for different injection pressures, pene-
tration rate changes while spreading angle remains quite similar [12,32,40] and
it has been concluded that the spreading angle was one of the main parameters
to control fuel-air mixing distribution.
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On the other side, the measure of the spreading angle with regular visual-
ization techniques is not accurate enough to characterize spray opening as it
has been repeated several times along this thesis. Penetration rate matching
between experiment and predictions may present a great advantage because of
its robustness. This methodology demonstrated to provide consistent spread-
ing angles values particularly for evaporative jets; although some reservations
have been expressed about isothermal sprays. The resulting spreading angles
for steady-state sprays at different ambient densities and injection pressures are
provided in figure 6.31, the graph aims at comparing hot and cold conditions.

Figure 6.31: Stabilized spreading angle for ambient density from 7.6 to 22.8
𝑘𝑔.𝑚−3 as a function of injection pressure for vaporizing and non-vaporizing
sprays.

The influence of ambient density has already been observed clearly on fig-
ures 6.12(a) and 6.23, which means smaller spreading angles at lower ambient
density conditions for both evaporative conditions and isothermal. The main
difference shown by figure 6.31 is the behavior of the spreading angle with
respect to injection pressure. For isothermal sprays, an increase of injection
pressure results in narrower sprays (smaller spreading angles). On the con-
trary, when the fuel is injected under evaporative conditions, the tendency
is inverted and jets get wider when injection pressure increases, particularly
at low ambient density. It has to be noted that at relatively high ambient
density condition (22.8 kg/m3), the difference on spreading angle are almost
not appreciable, even with the sensitivity offered by the Rayleigh scattering
diagnostic.

The momentum transfer between liquid droplets and gases may not be con-
sidered as complete as when vaporized fuel penetrates into gases as commented
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earlier. The density of the liquid droplets is at least 15 times higher than the
gas density when the spray is injected under isothermal conditions. This den-
sity ratio affects the transfer of the momentum carried by the liquid droplets
of the injected stream to the ambient gases in the discharge chamber. The
logical conclusion is that the kinetic energy of the droplets is not immediately
transfered to the gases surrounding the spray and therefore, the entrainment
rate is lower compared to a complete momentum transfer. The consequence
is that the penetration of liquid droplets in gases is faster than a gas-gas flow
and thus, the spray opens less, leading to smaller steady spreading angles.

A similar explanation can be used to describe that injection pressure pro-
duces narrower liquid sprays, while slightly wider under evaporative conditions.
In fact, at higher injection pressure, the momentum is higher and the veloc-
ity gradient between liquid fuel and ambient gases is higher. As the kinetic
energy is not completely transfered, higher gradient may indicate relatively
higher momentum in the axial direction, thus resulting in narrower developing
sprays.

The incomplete momentum transfer for isothermal sprays can be consid-
ered as the main explanation concerning spray opening and development. In
such sprays, the fuel stream initially travels inside the chamber in a direction
collinear to the orifice of the nozzle. Due to the density of the liquid much
higher than that of the ambient gases, less air is entrained. The axial compo-
nent of the momentum flux is then higher than the radial one and the global
mixing must be affected and leads to narrower sprays from a macroscopic point
of view.

On the other hand, when the jet is vaporized, the density ratio of the
evaporative fuel stream and the ambient gases is close to the unity. This
means that the flow can be considered as the mixing of gas into gas and the
development of the jets is then more similar to that described by the gas-jet
theory.

6.5.3 Mixing of isothermal and evaporative sprays

The differences observed in terms of spreading angle and tip penetration must
have a direct impact on global mixing of the sprays whether they are injected
under vaporizing conditions or not. With respect to ambient density, both
isothermal and evaporative sprays showed that mixture fraction increases with
a decrease in discharge density. This has been attributed to spray opening as
the momentum and mass flow rate being kept approximately constant. There-
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fore, less ambient gas is entrained in the stream, making the mixture more
fuel rich as shown in figures 6.19 and 6.27. It has to be noted that considering
the macroscopic parameters as a possible explanation of this trend, the air-
fuel mixing for the lower density condition (𝜌𝑔 = 7.6 kg/m3) should go in this
direction as well.

Figure 6.32 presents a confrontation of the mixture fraction along the axis
of the spray and radially at 25 and 45 mm from the tip for both evaporative
and isothermal conditions. The lower density case being considered invalid,
only the intermediate (𝜌𝑔 = 15.2 kg/m3) and the reference ambient densities
(22.8 kg/m3) are presented in this graph. The predictions provided by the model
are also plotted (dashed lines) as a reference for the evaporative conditions.

Figure 6.32: Comparison of the mixture fraction on the centerline (left) and
radial distribution at 25 and 45 mm from the tip (right) for different ambient
densities (𝜌𝑔 = 15.2 and 22.8 𝑘𝑔.𝑚−3, 𝑝𝑖𝑛𝑗 = 150 MPa).

All the profiles of the mixture fraction plotted in this figure follow the
same trend, however, the difference between vaporizing and non-vaporizing
sprays is quite impressive. Sprays injected into relatively cold environment
present a more fuel rich mixture on the centerline meaning that a higher mass
of fuel is concentrated in the center of the spray. At the same time, the sprays
are narrower as suggested by the results concerning spreading angle presented
earlier. The penetration rates analyzed previously already showed notable
difference between the two ambient conditions and these last results confirm
the precedent findings.

Such results support the hypothesis formulated earlier based upon momen-
tum transfer being different for liquid sprays injected into hot conditions com-
pared to isothermal injected sprays. The radial distribution profiles shown in
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figure 6.32 support the fact that non-evaporative sprays appear to carry more
fuel in the region close to the axis of the spray. This makes sense as the fuel
stream exiting the orifice initially goes in the spray axis direction, generally
guided by the nozzle hole. This means that the radial component of the mo-
mentum flux of the flow should almost be negligible directly at the outlet.
Then, as the density ratio between liquid fuel and ambient gases is relatively
high, the momentum transfer is not complete and still a large amount of fuel
droplets are traveling in the axial direction. This has an obvious impact on the
fuel mass fraction which increases in the region close to the spray centerline.

Looking even closer to the results, it appears that the mixing distributions
for isothermal and evaporative conditions become more similar at longer dis-
tance from the orifice. For example, the relative difference between evaporative
and isothermal mixture fraction on the centerline at 45 mm is smaller than
that at 25 mm from the tip. It is still quite difficult to appreciate this tendency
on the radial profiles as the isothermal sprays are effectively narrower. Going
back to the results for isothermal sprays, when special attention is paid on the
centerline mixture fraction, it seems that the measured and modeled profiles
get closer with the distance (see figures. 6.14, 6.17 and 6.18). One simple and
logical explanation for this observation is that the momentum is more com-
pletely transfered after a certain distance and the consequence is that both
spray developments, evaporative and isothermal, are more similar.

This phenomenon can be explained by the drag efficiency of the droplets
traveling in the ambient gases. When a fluid at the liquid state is injected
in a chamber containing gases, the liquid core disintegrates or breaks up into
liquid ligaments or structures. This first stage called the first breakup has
been extensively described in section 2.4.2 as well as the second breakup pro-
cess representing the small and round droplets generation. Within the first
stage of the disintegration process, the liquid structures are traveling at rela-
tively high speed, thus entraining less ambient. During and after the second
breakup process, the entrainment rate increases and depending on the condi-
tions, the momentum transfer between liquid droplets and ambient gases may
be complete. If this hypothesis is correct, the spray should be narrower at
short distance from the orifice, meaning that the spray entrains less ambient
gases during the breakup process and as a result, the spreading angle has to
be smaller.

Some studies focused on the near-nozzle region to analyze spray breakup
process and development mainly in non-evaporative sprays. Most of these
works found that the spreading angle in the dense region of the spray (close to
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the outlet) was actually smaller than the macroscopic angle corresponding to
a fully atomized spray [48–50]. This would mean that the momentum transfer
of the liquid spray with the ambient is gradual and can be estimated to be
complete only after a certain distance from the nozzle depending upon the
operating conditions.

Such tendency has also been observed by Pickett et al. [33] in the case of
evaporative jets. In this work, they measured and compared the Full Width
Half Maximum (FWHM) rather than spreading angle of the vaporized region
of the jet. They observed that the FWHM in the vapor region was fairly linear
with respect to distance from the tip. In addition to that, a linear fitting of
the experimental FWHM provided a virtual origin of the jet at positive axial
distances from the injector. This confirms that the spreading angle must be
different near the nozzle, starting with smaller spreading angle that transitions
to larger values further downstream.

It has to be added that when comparing the results published on evapora-
tive jets to the non-vaporizing ones, this change in spreading angle is relatively
small and may also be the result of the initial breakup of the liquid region not
yet vaporized. Rapid calculation returns a change in spreading angle lower
than 10 % in all cases for evaporative jets while this value goes up to more
than 30 % for some operating conditions in isothermal sprays.

The previous section concerning spreading angle of isothermal and evapo-
rative sprays pointed out the fact that the injection pressure has different effect
on spray opening depending on the temperature of the ambient gases (evap-
orative condition or not). At the same time, the impact of injection pressure
on mixing is hard to appreciate as noticed several times earlier in this study.
Figure 6.33 compares the mixture fraction axially and radially for 50 and 150
MPa injection pressure at the reference ambient density (𝜌𝑔 = 22.8 kg/m3).

The predictions of the model are plotted in this graph for the centerline
as well (dashed line); as explained earlier, the results from the model are not
dependent upon injection pressure because of the closeness of the spreading
angle values. According to this graph, the same comments can be made con-
cerning mixing distribution for evaporative jets or not as those already exposed
in the respective sections. The very limited influence of injection pressure on
mixing is nothing new and has been treated earlier in this chapter for either
evaporative or isothermal sprays as well. One important thing must be said
nonetheless, the tendency observed on spreading angle cannot be confirmed as
the resulting profiles presented in these two plots are too close.
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Figure 6.33: Comparison of the mixture fraction on the centerline (left) and
radial distribution at 25 and 45 mm from the tip (right) for different injection
pressures (𝑝𝑖𝑛𝑗 = 50 and 150 MPa, 𝜌𝑔 = 22.8 𝑘𝑔.𝑚−3).

The lack of accuracy of standard visualization techniques like the diffuse
back-illumination used to record tip penetration and spreading angle has been
repeated all along this study. In addition, the penetration rate matching
method used to extract the spreading angle has been proven to be limited
in isothermal sprays as the predictions fit the experiments only over a rela-
tively small region. Therefore, care must be taken when looking at spreading
angle results for non-evaporative sprays as this value may be valid for a nar-
row range of spray development. The discussion on the incomplete momentum
transfer of the liquid spray with the ambient gases presented earlier confirms
that the spray opens differently according to the phase of the breakup process.
Following in the same direction, a higher injection pressure induces a higher
breakup intensity, which means that the spray is fully atomized at shorter
distances from the injector. Consequently, the momentum transfer should be
considered as complete within shorter distances as well, thus contradicting the
experimental results concerning spreading angle in isothermal sprays.

6.6 Conclusions

The main organ of the injection system, i.e. the injector, has been hydraulically
characterized. The internal shape of the nozzle extracted thanks to silicone
molding showed that such features should ensure high discharge efficiency due
to relatively large entrance radius and orifice convergence. Measurement of the
steady mass flow rate confirmed the results concerning internal geometry as
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the resulting discharge coefficient is close to 0.9, this value being higher than
the manufacturer’s specifications. Mass flow rate coupled with momentum
flux measurements demonstrated that the nozzle used in this study does not
cavitate under the operating conditions applied. These two measurements also
provide additional characteristics such as effective velocity of the flow at the
outlet as well as effective area or diameter of the orifice.

Direct visualization of the back-illuminated sprays injected under isother-
mal conditions showed the influence of ambient density on development rather
than the effect of injection pressure. Thanks to the model, the spreading an-
gle of the sprays have been adjusted through penetration matching due to
the lack of accuracy of boundary detection on the edges. Nevertheless, the
predicted penetration behaves somewhat differently with a slower penetration
rate at the beginning and then a faster one, meaning that the development
of isothermal sprays is not correctly predicted by the simulation. This led
to discuss the distribution profile of such sprays because of a mismatch be-
tween gas-jet model predictions and experiments. It has been showed that the
distribution profile proposed by Abramovich and successful in vaporized jets
did not fit non-evaporative distribution profiles. In addition, the momentum
transfer between liquid droplets and ambient gases may not be complete, thus
conducting to values of the Schmidt number below the unity. As expected,
the impact of ambient density on 2-D mixing results has been observed to be
quite important; whereas, it is not the case concerning injection pressure.

Spray tip penetration of vaporizing jets has been recorded through high-
speed Schlieren imaging. The results concerning spreading angle showed large
deviation when compared to the values measured Rayleigh scattering maps,
meaning that boundary detection can be an issue when applying Schlieren
technique in evaporative jets. However, good agreement on spreading angle
has been found when penetration rate was matched by the predictions of the
model. When confronted to the model, both the axial and radial distribution
profiles presented high level of similarity except for the lower density case. Fuel
decomposition due to high temperature must explain lower mixture fraction; as
a matter of fact, fuel break down makes the equivalent Rayleigh cross-section
of the lower alkanes to be smaller, hence reducing scattered intensity. The
effect of ambient density on mixing of evaporative jets has been pointed out,
along with almost no influence of injection pressure.

The comparison of sprays injected in ambient and hot temperature con-
ditions showed significant difference on development, as highlighted by the
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respective penetration rates. The general behavior is that isothermal sprays
penetrate faster than vaporizing jets. Looking closer, the development of
sprays for both conditions get closer after some time, once momentum trans-
fer between droplet and ambient is assumed to be more complete. As regards
spreading angle, similar physical process may explain the differences observed
as the momentum transfer is not complete until some distances far away from
the outlet. Non-evaporative sprays are narrower than vaporizing jets; this is
balanced by faster penetration as suggested by same momentum flux. Sprays
injected into isothermal environment are more fuel rich due to incomplete mo-
mentum transfer inducing lower entrainment rate of the ambient gases. The
similarity of isothermal and evaporative sprays at longer distances from the tip
also appears on global mixing fields as supported by spreading angle evolution
with axial distance.
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Conclusions and further
developments
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This chapter aims at drawing the main conclusions with respect to the
work carried out along this thesis. Individual conclusions have been redacted
at the end of every chapters, from the development of sprays to the comparison
of the global mixing process in both evaporative and isothermal sprays. The
following conclusion addresses the objective of this work, which is to study and
analyze the air-fuel mixing as well as the influence of experimental parameters,
from a general point of view.

The last section of this document proposes a summary of the potential
developments in order to improve the quality of the results obtained and pre-
sented in this thesis. The limitations concerning measurements of isothermal
sprays from a quantitative point of view are treated first leading to the pos-
sibility of introducing other diagnostic techniques. Finally, different ways to
help modelers to possibly improve their codes are presented as CFD has be-
come a major part of the works applied to study injection and combustion
process.
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7.1 Conclusions

Along this work, it has been observed that a large amount of equipments
and technical solutions must be used to achieve a complete and robust study.
The field approached in this thesis, i.e. the injection and mixing processes of
liquid sprays in cold and hot environments have been studied for decades and
improving the knowledge requires conscientious work and specific installations.
The different diagnostics applied provided important information, from the
commonly used rate of injection measurement to the state-of-the-art planar
structured illumination. All these experimental techniques allowed performing
solid studies concerning such a fast and complex process as spray disintegration
and vaporization. It has to be added also that the setup and calibration
of these equipments are the result of years of development in experimental
diagnostics and every contribution represents great support to the general
scientific knowledge.

The numerous stages necessary to achieve the present work provided sup-
port to the scientific community either from a technical point of view, through
the implementation of a new measurement technique and the improvement of
the another; or from a scientific approach with the face-to-face comparison
between global mixing behavior of liquid and vaporized sprays. A summary
of the general results obtained along this work is presented in this section
together with the main contributions to science.

A complete hydraulic characterization has been performed to better under-
stand the flow at the outlet as its properties mainly drive the disintegration
process and spray development when injected in a constant discharge environ-
ment. Rate of injection together with spray momentum provided information
concerning the behavior of the flow as well as the hydraulic parameters of the
global injection system; mainly represented by the injector or even the nozzle
itself. These measurements showed that the flow was not cavitating under
all the experimental conditions and that the hydraulic characteristics were in
agreement with the internal geometry measurements performed.

The study of the propagation of light in a controlled environment designed
in order to simulate the radiation of light within an optically dense medium
showed that the conventional planar laser imaging techniques were very limited
for measurements in isothermal Diesel sprays. The anisotropy of the light
scattered by such small liquid droplets led to results of the qualitative kind
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only when coupled to the high number density of such medium. This dense
droplet population encountered in the center of a Diesel spray produces high
extinction of light that strongly affects the acquired signals. By applying the
Planar Droplet Sizing technique to this testing situation, it has been observed
that the propagation of light through Mie scattering and fluorescence was not
similar enough to overcome multiple scattering and light extinction issues.

At the same time, a technique based on spatially modulated incident light
and inspired by the recently developed Structured Laser Illumination Pla-
nar Imaging (SLIPI) has been developed to remove the multiply scattered
light. By assuming that the photons that have experienced several scatter-
ing events loses the incident modulation of light, the structural information
recorded by the acquisition system therefore only presents the singly scattered
signal. The envelope of the resulting signal re-built through computer-assisted
post-processing represents the signal scattered or emitted (depending on the
scattering process: Mie or LIF) by the illuminated plane only. Finally, a three-
dimensional extinction evaluation of the spray permits to evaluate the optical
depth between the acquisition system and any plane within the spray in two
dimensions.

This experimental solution demonstrated its capability to provide quanti-
tative results when applying the Planar Droplet Sizing technique by making
the ratio of the LIF and Mie scatter signals extracted from SPLI-2P exper-
iments. The consistency of the signals recorded at different positions within
the medium showed relatively high accuracy and precision for both Mie and
LIF scattering processes. From the intensity signals along the laser path, the
number density has been extracted through the Beer-Lambert law of extinc-
tion. The results showed to be more convincing when using the fluorescent
emission as it does not suffer from anisotropy of the output radiation like Mie
scattering.

The preliminary studies concerning the fluorescent dye to be mixed with
the n-dodecane fuel used in this work led to select the Sulfo-rhodamine B. This
choice has been partly driven by the equipment available in the laboratory such
as light source (Nd:YAG laser) and absorption spectrum matching, but also
because of the characteristics of this fluorescent dopant. An analysis of the
fluorescent properties has been carried out to understand how to better use
the Sulfo-rhodamine B. The measurements showed high quantum yield when
dissolved into n-dodecane; in addition, the absorption and emission spectra
helped to arrange the optical equipment through correct spectral filtering.

An evaluation of the parameters influencing the accuracy of the results
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obtained through Planar Droplet Sizing has been done. The square and cu-
bic dependencies with droplet diameter of the scattered light and fluorescent
emission intensities, respectively, affect the resulting two-dimensional Sauter
Mean Diameter maps quantitatively. With an appropriate choice of dye quan-
tity added to the fuel, these two parameters showed good agreement with
the theoretical values, thus providing valid experimental results thanks to the
SPLI-2P technique.

A criterion concerning the accuracy and precision of the results limited
the two-dimensional measurements under non-evaporative conditions to half
a spray. The high extinction of light from side-to-side (𝜏 ≈ 10) made the
acquired signal to be dramatically weak quickly after the axis of the spray. This
is consistent with the results provided by the fluorescent particle measurements
as the results started to decrease significantly for optical depth values in the
range 4 ≤ 𝜏 ≤ 6.

The confrontation of the two-dimensional 2-D droplet size distribution ob-
tained through LIF/Mie ratio of the SPLI-2P signals with spray mapping via
a phase Doppler instrument demonstrated the consistency of the results. The
ratio of both the elastic scattered light and the fluorescent emission provided
lower droplet diameter than that provided by the PDPA instrument for loca-
tions closer to the center of the spray. Known for being optically denser, the
capability of the phase Doppler technique in this region has been pointed out
to be limited.

The extinction of light between the illumination plane and the acquisition
system being sparse, a mapping of the spray in the laser-sheet - CCD direction
has been performed to evaluate this parameter. From this, the two maps
of number density and droplet diameter have been grouped to extract two-
dimensional results of mixing distributions. When compared to a validated
mixing model, the results showed good agreement, particularly concerning the
mean mixture fraction along spray axis.

The results provided by the Structured Planar Laser Imaging technique
demonstrated that the isothermal sprays presents a higher fuel concentration
in the center than the predictions of the model when applying widely used
distribution profiles. The explanation is that the momentum transfer between
liquid droplets and ambient gases is not complete, thus making the axial forces
higher than the radial ones, leading to a narrower fuel distribution profile.
This means that the distribution of liquid penetrating sprays presents values
of the Schmidt number below the unity as suggested by other experimental
observations.
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Concerning quantitative measurements within the vapor-phase region of
the jet, the Planar Laser Rayleigh Scattering technique has been implemented
to obtain two-dimensional results to compare the global mixing of evapora-
tive jets to those injected in relatively cold ambient gases. A methodology
to calculate the Rayleigh cross-section has been developed. This parameter,
which strongly affects the accuracy of the measurements, has been computed
through the molar refractivity of the fuel molecule to extract the refractive
index. Due to the anisotropy of the linear alkane chain of the n-dodecane, the
King correction factor 𝐹𝐾 has also been calculated. This deep evaluation of
the parameters influencing the Rayleigh cross-section led to obtain a highly
accurate value.

The calibration of the Rayleigh scattered signal with the intensity of the
ambient gases permits direct relationship and high SNR of the fuel concen-
tration measurements. Together with the correct Rayleigh cross-section, the
assumption of adiabatic mixing represents the best possible condition to per-
form accurate quantitative measurements.

Adequate post-processing of the images, specific hardware design as well
as the implementation of image editing algorithm such as inpainting or 2-D
median filtering considerably improved the quality of the measurements.

The two-dimensional maps of mixture fraction extracted from the PLRS
technique showed to provide accurate measurements of the macroscopic pa-
rameters due to the high sensitivity on the edges. Spreading angle has been
extracted from the individual 2-D mixing maps and the confrontation of the
adjusted model predictions demonstrated the accuracy and precision of the
diagnostic for vapor-phase measurements. A map of global adiabatic mixing
temperature has also been extracted from the results of the Rayleigh scatter-
ing technique and presents additional useful information concerning air-fuel
mixing.

Some limitations have been pointed out during the experiments: beam
steering issues at elevated density and break down of the fuel molecule at high
temperature. The first one limited the range of experimental conditions to
evaluate their influence on mixing; while the second one discarded the mea-
surements performed at lower ambient density as it has been chosen to keep
the liquid length constant.

The application of the numerous experimental techniques described in this
document or developed in this work provided useful information concerning the
mixing process of sprays. The influence of ambient density has been evaluated
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for both temperature conditions: evaporative and isothermal. The conclusion
is that the discharge density qualitatively affects spray development and mix-
ing in the same way no matter the state of the fluid to be mixed. Higher
ambient densities make the spray to open more as a result of slower penetra-
tion, therefore bettering air entrainment and reducing global mixture fraction.

On the other hand, even if the influence of injection pressure on global
mixing has been observed to be quite limited, the following comment has to
be made, that the spreading angle of isothermal sprays presents an opposite
tendency to that of vaporizing ones. This is explained by the fact that the
droplets travel faster at higher injection pressure, inducing higher momentum
in the axial direction due to incomplete kinetic energy transfer and thus pro-
ducing narrower sprays.

The comparison of sprays injected under evaporative and non-evaporative
conditions showed significant differences in terms of development and mixing.
The faster penetration rate of isothermal sprays demonstrated to provide nar-
rower global distributions with a higher fuel concentration near the central
axis. This is a direct consequence of incomplete momentum transfer between
traveling liquid droplets and steady ambient gases on the contrary to vapor-
phase penetrating jets.

As the momentum flux at the outlet is assumed to be the same, these ob-
servations are in line with the physics of spray development and mixing. The
consequence is that the application of models based upon the gas-jet theory
and assuming complete momentum transfer simply fail at predicting global
mixing of isothermal liquid sprays, whereas successful model-experiments con-
frontation has been observed for evaporative jets.

7.2 Suggestions for future works

The mechanisms that influence mixing of injected sprays with the surrounding
environment are complex and so far not fully identified or understood. The
main objective of the present work was to evaluate and analyze the behavior
of sprays that mix with ambient gases at hot or cold temperature conditions.
Due to the complexity of the mixing process and the limitations of the exper-
imental techniques, there still remain much scope for research in completing
the description of global mixing process in the field of Diesel sprays.

From an experimental approach, the technique developed in this work to
evaluate the mixture fraction of isothermal sprays can be improved:
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� It has been seen that the solution proposed here which only uses two
phases instead of three was less sensitive to mis-shifting of the signals. On
the other hand, the reconstruction of the envelope of the signal requires
longer computer time than the original Structured Laser Illumination
Planar Imaging (SLIPI) technique.

� Another fluorescent dye may be used to dope the fuel as the Sulfo-
rhodamine B added to the n-dodecane did required the addition of
other components, thus increasing difficulty and instability of the mix.
Pyrromethene seems to present great potential to be mixed with hydro-
carbons such as Diesel fuels for its capability to be dissolved directly in
them.

� A step forward would be to apply the SPLI-2P technique to the liquid
region of evaporating sprays. As this technique relies on light extinction
along the laser path of both Mie scattering and fluorescent emission, the
elastically scattered light can be used to extract approximated results.
The issues arising from temperature dependency of the fluorescent sig-
nal may be higher than the error induced by the anisotropy of the Mie
scattered light.

� Another technological solution to analyze the liquid region could improve
the general knowledge in this field. One that particularly proved to
perform well in liquid sprays is the X-Ray tomography. A similar study
with such an impressive and rare facility to evaluate the robustness of the
SPLI-2P technique or just to provide quantitative results would represent
useful information to the scientific community.

Some improvements can also be done concerning the measurements of evap-
orative jets, such as:

� The limitations of the high pressure, high temperature facility used in
this work mainly concern the frequency of the experiments due to the
pre-burn process to reach the desired environmental conditions at the
time of injection. A solution to reduce spatial beam steering would also
make the quality of the results higher, for example with a double glazing
windows to decrease local temperature gradients.

� To increase the level of accuracy of the diagnostic, the Rayleigh cross-
section of the fuel molecule could be directly measured thanks to the
technique of the cavity ring-down spectroscopy (CRDS) commonly used
for this kind of measurements.
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From a general point of view, using different geometry of injector (noz-
zle) could also present great support to Science. This enters in the scope of
changing the parameters to obtain a range of conditions in order to evaluate
their influence. All this work is of major interest for modelers as they gen-
erally have to empirically adjust their code to fit the experiments. A larger
amount of experimental conditions, as long as the results are consistent be-
tween each other would carry more information to modelers and by such, a
potential improvement of the predictions.

Following the same philosophy, the results presented in this thesis clearly
demonstrated the present models to fail at predicting liquid development and
mixing processes. Therefore, a study of the momentum transfer between liquid
droplets and ambient gases also presents a huge interest to improve model
predictions for liquid penetrating sprays.
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Appendix A

Estimation of the error made
on droplet sizing

As commented in section 4.5.1 and 4.5.3, the volume mean diameter obtained
via PDPA measurements has been used to adjust the droplet size distribution
extracted from LIF/Mie ratio. The ratio of LIF and Mie signals theoretically
provides the Sauter Mean Diameter (𝑑32) which, for a ensemble of polydisperse
droplets, may deviate from the volume mean diameter (𝑑30).

Table A.1 presents the results of the different mean diameters defined in
table 2.3 measured by the PDPA instrument. It can be observed that the
average diameter is different depending on which definition is used.

Table A.1: Mean diameter using different definitions: 𝑑10, 𝑑20, 𝑑30 and 𝑑32
or SMD. The droplets have been measured with the PDPA instrument (TSI)
at 45 mm downstream and are given in micrometer.
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These results are consistent with previous measurements carried out with
this instrument and show that the weighted diameters: 𝑑20, 𝑑30 and 𝑑32 present
higher mean diameters than the geometrical one (𝑑10). This therefore demon-
strates that the different definitions of mean diameters do not provide similar
results when considering a real Diesel spray which presents a polydisperse dis-
tribution. In addition to that, different droplet size distributions (Probability
Density Function, see sec. 2.5.3) generally provide different relationship be-
tween mean diameter definitions (e.g. 𝑑30 and 𝑑32). However, assuming that
the relative difference between those definitions is held within the entire spray,
it makes possible to relate LIF/Mie ratio to volume mean diameter.

The next table (tab. A.2) provides the error made on the mean volume
diameters obtained through adjustment of the Sauter Mean Diameter on the
furthest location from the axis of the spray (8 mm at 45 mm downstream). The
volume mean diameter is obtained from the SMD (𝑑32) considering that the
relative difference between both definitions is constant throughout the spray.

Table A.2: Estimation of the error induced by adjusting the volume mean
diameter with to Sauter Mean Diameter (𝑑32). Measurements provided in
table A.2.

These results showed that a maximum error of 1.5 % can be induced by the
approximation made to extract volume mean diameter from LIF/Mie ratio.

The next plot (fig. A.1) shows the difference between original SMD and
volume mean diameter as well as the adjusted volume mean diameter.

This last plot demonstrates the validity of the assumption made concerning
mean droplet diameters as the original volume mean diameter and the adjusted
one obtained through SMD present similar results.

This slight deviation also affects the mixture fraction because it is function
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Figure A.1: Radial profiles of the different definitions concerning droplet
mean diameter. Adjusted 𝑑30 has been extracted from LIF/Mie ratio adjusted
with PDPA volume mean diameter assuming constant relative difference be-
tween Sauter and volume mean diameter definitions.

of the droplet diameter (𝑑30) as presented in equation 4.28. The maximum
error made on the mixture fraction due to a deviation of the droplet diameter
can go up to 4.5 %. This error has been taken into account in the global
uncertainty of the technique together with the uncertainties concerning sizing
in the solution of monodisperse fluorescent particles.





Appendix B

Structured Planar Laser
Imaging (SPLI-2P) function

The following code concerns the process of the non-evaporative sprays to ex-
tract mixing distribution through Structured Planar Laser Imaging (SPLI-2P).
This code has been written in MATLAB language and only presents the nec-
essary steps to process the two phases and extract the radiated intensity on
the specific plane. This has to be repeated for all the planes in order to three-
dimensionally account for light extinction between laser-sheet and acquisition
system.

f unc t i on [ Intens i ty_Prof , SPLI2P ] = Spray_SPLI2P(AvgImg , Sh i f t1 , O f f ax i s ) ;

% This func t i on p r o c e s s e s the images taken with the Sine pattern f i l t e r .
% This techn ique used has been c a l l e d SPLI ( Structured Planar Laser
% Imaging ) and removes the out−of−f o cu s s c a t t e r ed photons .
% "Spray_SPLI2P" i s the proce s s ed image with s c a t t e r i n g c o r r e c t i o n and
% background removed .
% "AvgImg" i s used to see i f the images have been averaged a l ready . "0" means
% the func t i on w i l l average the images o f the s t ruc tu r ed i l l um ina t i on and
% save them in to "Last_LIF .mat " . i f "1" , the func t i on w i l l use the saved
% "Last_LIF" images from a prev ious p roce s s .
% " Sh i f t " i s the phase adjustment in p i x e l s from the o r i g i n a l p i c tu r e to
% the s h i f t e d image to c o r r e c t the phase and get a p i d i f f e r e n c e ( e . g . 8 ) .
% "Of f ax i s " r e f e r s to the po s i t i o n o f the l a s e r shee t with r e sp e c t to the
% ax i s o f the spray . For thos t e s t s , i t could e i t h e r be "1" or "2" mm of f−ax i s
% ( towards CCD) . I f no " o f f a x i s " , the p ro c e s s i ng i s done on the ax i s o f the
% j e t .

Pixmm = 22 ;
Tip = [12 , 4 5 2 ] ;
i f AvgImg == 0 ;

names = g e t f i l e s ( ’ * . t i f ’ ) ;
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L=length ( names ) ;
av_pict_bgp1 = ze ro s (864 , 1216 ) ;
f o r i =(L/3+1):(L/3+19)

pict_bg = names{ i } ;
d i sp ( pict_bg )
image_bg = imread ( pict_bg ) ;
image_bg = double ( image_bg )/65535 ;
av_pict_bgp1 = av_pict_bgp1 + image_bg ;

end
av_pict_bgp1 = av_pict_bgp1 / 19 ;

av_pict_sprayp1 = ze ro s (864 , 1216 ) ;
f o r j=(L/3+20):(2*L/3−1)

pict_spray = names{ j } ;
d i sp ( pict_spray )
image_spray = imread ( pict_spray ) ;
image_spray = double ( image_spray )/65535 ;
av_pict_sprayp1 = av_pict_sprayp1 + image_spray ;

end
av_pict_sprayp1 = av_pict_sprayp1 / 100 ;
ImgStructp1 = av_pict_sprayp1 ;

av_pict_bgp2 = ze ro s (864 , 1216 ) ;
f o r i =1:19

pict_bg = names{ i } ;
d i sp ( pict_bg )
image_bg = imread ( pict_bg ) ;
image_bg = double ( image_bg )/65535 ;
av_pict_bgp2 = av_pict_bgp2 + image_bg ;

end
av_pict_bgp2 = av_pict_bgp2 / 19 ;

av_pict_sprayp2 = ze ro s (864 , 1216 ) ;
f o r j =20:(L/3−1)

pict_spray = names{ j } ;
d i sp ( pict_spray )
image_spray = imread ( pict_spray ) ;
image_spray = double ( image_spray )/65535 ;
av_pict_sprayp2 = av_pict_sprayp2 + image_spray ;

end
av_pict_sprayp2 = av_pict_sprayp2 / 100 ;
ImgStructp2 = av_pict_sprayp2 ;

save ImgStruct2P .mat ImgStructp1 ImgStructp2
e l s e

load ImgStruct2P .mat ;
end

ImgStructp1sht = ze ro s (864 , 1216 ) ;
ImgStructp1sht ( : , ( Sh i f t 1 +1):1216) =

. . . mean2( ImgStructp2 )/mean2( ImgStructp1 )* ImgStructp1 ( : ,1 : (1216 − Sh i f t 1 ) ) ;

ImgDif f = sq r t ( ( ImgStructp1sht − ImgStructp2 ) . ^ 2 ) ;
BG_level = mean2( ImgDif f ( 7 5 0 : 8 5 0 , 7 5 : 1 1 5 0 ) ) ;
Deviat ion = std2 ( ImgDif f ( 7 5 0 : 8 5 0 , 7 5 : 1 1 5 0 ) ) ;
ImgDi f fadj = ImgDif f − BG_level + Deviat ion ;
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f o r l = 1:864
f o r c = 1:1216

i f ImgDi f fadj ( l , c ) <= 0
ImgDi f fadj ( l , c ) = Deviat ion ;

end
end

end

px = [ Tip (1 ) , 1 1 0 0 ] ;
py = [ Tip (2 ) , Tip ( 2 ) ] ;
x0 = round (px (1)−20);
X0 = x0 ;
y0 = round (py ( 1 ) ) ;
Y0 = y0 ;
x1 = x0+20;
X1 = x1 ;
y1 = round ( y0+0.02*(px(2)−px ( 1 ) ) ) ;
Y1 = round (y0−0.02*(px(2)−px ( 1 ) ) ) ;
x2 = round (px (1)+0.65*( px(2)−px ( 1 ) ) ) ;
X2 = x2 ;
y2 = round (py (1)+0.2* ( px(2)−px ( 1 ) ) ) ;
Y2 = round (py (1)−0.2*( px(2)−px ( 1 ) ) ) ;
x3 = round (px (1)+0.95*( px(2)−px ( 1 ) ) ) ;
X3 = x3 ;
y3 = y2+0.1*(y1−y0 ) ;
Y3 = Y2+0.1*(Y1−Y0 ) ;
i f px (2)+0.1* ( px(2)−px ( 1 ) ) < 1216 ;

x4 = round (px (2)+0.1* ( px(2)−px ( 1 ) ) ) ;
e l s e

x4 = 1216 ;
end
X4 = x4 ;
y4 = round (py ( 2 ) ) ;
Y4 = y4 ;
Pointsx = [ x0 x1 x2 x3 x4 ] ;
Pointsy = [ y0 y1 y2 y3 y4 ] ;
PointsX = [X0 X1 X2 X3 X4 ] ;
PointsY = [Y0 Y1 Y2 Y3 Y4 ] ;

contb = [ ] ;
contb ( 1 : Pointsx ( 1 ) ) = Pointsy ( 1 ) ;
f o r j = 1 : l ength ( Pointsx )−1
i f Pointsy ( j+1)−Pointsy ( j ) ~= 0
s l ope = ( Pointsx ( j+1)−Pointsx ( j ) ) / ( Pointsy ( j+1)−Pointsy ( j ) ) ;
i n t e r c e p t = Pointsx ( j )− s l ope *Pointsy ( j ) ;
i f j == 1
contb = [ contb round ( ( ( Pointsx ( j ) : Pointsx ( j+1))− i n t e r c e p t )/ s l ope ) ] ;
e l s e
contb = [ contb round ( ( ( Pointsx ( j )+1: Pointsx ( j+1))− i n t e r c e p t )/ s l ope ) ] ;
end
e l s e i f ( Pointsy ( j+1)−Pointsy ( j ) ) == 0
end
end

contb ( Pointsx ( end ) : 1 216 ) = Pointsy ( end ) ;
contt = [ ] ;
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contt ( 1 : PointsX (1 ) ) = PointsY ( 1 ) ;
f o r j = 1 : l ength ( PointsX)−1
i f PointsY ( j+1)−PointsY ( j ) ~= 0
s l ope = ( PointsX ( j+1)−PointsX ( j ) ) / ( PointsY ( j+1)−PointsY ( j ) ) ;
i n t e r c e p t = PointsX ( j )− s l ope *PointsY ( j ) ;
i f j == 1
contt = [ contt round ( ( ( PointsX ( j ) : PointsX ( j+1))− i n t e r c e p t )/ s l ope ) ] ;
e l s e
contt = [ contt round ( ( ( PointsX ( j )+1: PointsX ( j+1))− i n t e r c e p t )/ s l ope ) ] ;
end
e l s e i f ( PointsY ( j+1)−PointsY ( j ) ) == 0
end
end
contt ( PointsX ( end )−1:1216) = PointsY ( end ) ;

BG_stripe = [ ] ;
f o r i = 1:1216

BG_stripe ( : , i ) = ImgDi f fadj ( contt ( i )−5: contt ( i )+4 , i ) ;
end
BG_Int = mean2(BG_stripe ) ;

SprayReg = BG_Int * ones (864 , 1216 ) ;
f o r i = 1:1216

SprayReg ( contt ( i ) : contb ( i ) , i ) = ImgDi f fadj ( contt ( i ) : contb ( i ) , i ) ;
end

SPLI2P = BG_Int * ones (864 , 1216 ) ;
Axis = 1 : 1216 ;
i f narg in == 2

Sinex = [300 4 0 0 ] ;
e l s e i f O f f ax i s == 1

Sinex = [500 6 0 0 ] ;
e l s e i f O f f ax i s == 2

Sinex = [700 8 0 0 ] ;
e l s e

d i sp ( ’Wrong po s i t i o n o f the j e t , v e r i f y o f f−ax i s po s i t i on ’ )
end
Siney = [Y0 Y0 ] ;
S ine = imp r o f i l e ( SprayReg , Sinex , Siney ) ;
S ineF l t = f i l t e r ( ones (1 , 8 )/8 , 1 , S ine ) ;
[ Peaks , Abs ] = f indpeaks ( S ineF l t ) ;
D i f f 1 = Abs (2 ) − Abs ( 1 ) ;
D i f f 2 = Abs (3 ) − Abs ( 2 ) ;
i f abs ( D i f f 1 − Di f f 2 ) > 10*(Pixmm*2)/100

Period = max( Di f f1 , D i f f 2 ) ;
e l s e

Period = ( (Abs (3 ) − Abs ( 2 ) ) + (Abs (2 ) − Abs ( 1 ) ) ) / 2 ;
end
Margin = round ( Period /3 ) ;

f o r l = min ( contt ) :max( contb )
Axia lPro f ( 1 : 1216 ) = BG_Int ;
Peaks = [ ] ;
Po s i t i on = [ ] ;
[Max, Loc ] = f indpeaks ( SprayReg ( l , : ) ) ;
Peaks (1 ) = BG_Int ;
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Pos i t i on (1 ) = round (Loc (1 ) − round ( Period / 2 ) ) ;
i f Po s i t i on (1 ) < 1 ;
Pos i t i on (1 ) = 1 ;
end
Peaks (2 ) = Max( 1 ) ;
Pos i t i on (2 ) = Loc ( 1 ) ;
f o r c = 3 : round (1216/ Period )+3
C = Pos i t i on ( c−1);
i f C+Period+Margin > 1215
Peaks ( c ) = BG_Int ;
Pos i t i on ( c ) = 1216 ;
break
e l s e
SprayProfFlt = med f i l t 1 ( SprayReg ( l , : ) , 3 ) ;
[ Peaks ( c ) , LocPos ] = max( SprayProfFlt ( round (C+Period−Margin ) :

. . . round (C+Period+Margin ) ) ) ;
Po s i t i on ( c ) = round ( LocPos + C + Period − Margin ) ;
end
end
SineEval = in t e rp1 ( Pos i t ion , Peaks , Pos i t i on ( 1 ) : Po s i t i on ( end ) , ’ s p l i n e ’ ) ;
Axia lPro f ( Pos i t i on ( 1 ) : Po s i t i on ( end ) ) = SineEval ;
SPLI2P( l , : ) = Axia lPro f ;
end

x = [1 1 21 6 ] ;
y = [Y0 Y0 ] ;
x2 = 1 : 1216 ;
Pro fSt ructp1sht = imp r o f i l e ( ImgStructp1sht , x , y ) ;
P r o f S t r u c t p1 f l t = f i l t e r ( ones (1 , 8 )/8 , 1 , Pro fSt ructp1sht ) ;
Pro fStructp2 = imp r o f i l e ( ImgStructp2 , x , y ) ;
P r o f S t r u c t p2 f l t = f i l t e r ( ones (1 , 8 )/8 , 1 , Pro fStructp2 ) ;
P ro fD i f f = sq r t ( ( P r o f S t r u c t p1 f l t − Pro f S t r u c t p2 f l t ) . ^ 2 ) ;
ProfSPLI2P = imp r o f i l e (SPLI2P , x , y ) ;
Axial_Axis = (1/Pixmm)*(1−Tip (1):1216−Tip ( 1 ) ) ;

Thresh = graythresh (SPLI2P )/40 ;

Penetrat ion = px (2) − px ( 1 ) ;

Prof25 = round (25*Pixmm + px ( 1 ) ) ;
X25 = [ Prof25 Prof25 ] ;
Y25 = [1 8 6 4 ] ;

Laser_str ipe25 = [ ] ;
f o r k=1:864

Laser_col25 = SPLI2P(k , Prof25 −4: Prof25 +5);
Laser_str ipe25 = [ Laser_str ipe25 ; Laser_col25 ] ;

end
Laser_Prof25 = mean( med f i l t 2 ( Laser_str ipe25 , [ 5 5 ] ) , 2 ) ;

f o r p = contb ( Prof25 ) :−1: contt ( Prof25 )
i f Laser_Prof25 (p) > Thresh ;

B_Boundary25 = p − 1 ; break ;
end

end
T_Boundary25 = 2*Tip (2 ) − B_Boundary25 ;
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Spray_center25 = (T_Boundary25 + B_Boundary25 ) / 2 ;
Radial_Axis25 = (1/22)*(2− Spray_center25 :864+1−Spray_center25 ) ;

Prof45 = round (45*Pixmm + px ( 1 ) ) ;
X45 = [ Prof45 Prof45 ] ;
Y45 = [1 8 6 4 ] ;

Laser_str ipe45 = [ ] ;
f o r k=1:864

Laser_col45 = SPLI2P(k , Prof45 −4: Prof45 +5);
Laser_str ipe45 = [ Laser_str ipe45 ; Laser_col45 ] ;

end
Laser_Prof45 = mean( med f i l t 2 ( Laser_str ipe45 , [ 5 5 ] ) , 2 ) ;

f o r p = contb ( Prof45 ) :−1: contt ( Prof45 )
i f Laser_Prof45 (p) > Thresh ;

B_Boundary45 = p − 1 ; break ;
end

end
T_Boundary45 = 2*Tip (2 ) − B_Boundary45 ;
Spray_center45 = (T_Boundary45 + B_Boundary45 ) / 2 ;
Radial_Axis45 = (1/22)*(2− Spray_center45 :864+1−Spray_center45 ) ;

Spray_boundariesT = [ T_Boundary25 − Tip (2 ) , T_Boundary45 − Tip ( 2 ) ] ;
Spray_boundariesB = [ B_Boundary25 − Tip (2 ) , B_Boundary45 − Tip ( 2 ) ] ;
x = [ Prof25 , Prof45 ] ;
EqT = r o bu s t f i t (x , Spray_boundariesT , ’ b i square ’ , 4 . 685 , ’ o f f ’ ) ;
EqB = r o b u s t f i t (x , Spray_boundariesB , ’ b i square ’ , 4 . 685 , ’ o f f ’ ) ;
X = 1 : 1216 ;
Spray_shapeT = EqT*(X − Tip ( 1 ) ) + Tip ( 2 ) ;
Spray_shapeB = EqB*(X − Tip ( 1 ) ) + Tip ( 2 ) ;
Spray_bisect = ( (EqT+EqB)/2)* (X − Tip ( 1 ) ) + Tip ( 2 ) ;

SP_halfangleT = (180/ p i )* atan (EqT) ;
SP_halfangleB = (180/ p i )* atan (EqB) ;
Spray_Angle= SP_halfangleB − SP_halfangleT ;

end

%% ******************************************************************

%********************* Apendices f unc t i on s **************************

%********************************************************************

f unc t i on f i l e=g e t f i l e s ( pauta )

switch narg in
case 0

N=d i r ;
case 1

N=d i r ( pauta ) ;
o the rw i se

e r r o r ( ’ I n c o r r e c t number o f argument ( s ) ’ )
end

L=length (N) ;
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j =1;
f i l e ={};
f o r i =1:L

i f N( i ) . i s d i r==0
word=N( i ) . name ;
f i l e ( j )= c e l l s t r (word ) ;
j=j +1;

end
end

f i l e=f i l e ’ ;

end





Appendix C

Planar Laser Rayleigh
Scattering function

The following code concerns the process of the evaporative sprays to extract
mixing distribution through Planar Laser Rayleigh Scattering (PLRS). This
code has been written in MATLAB language and only presents the necessary
steps to process the images and extract The ratio of number density in 2-D, the
mixture fraction can be obtained thanks to the molecular mass of the ambient
and fuel.

f unc t i on [ NFAglobal ,NFAavg , Tnglobal , Tnavg ] = Final_Rayleigh (imgNum, preproc ,
. . . img f i l e , s a v e f i l e ) ;

% The background images have to be supp l i ed to the func t i on ( e . g .
% ’15 psi0PolarN2_12 . spe ’ ) and the th r e sho ld l e v e l o f the i npa i n t i ng
% func t i on must be adjusted not to cut quan t i t a t i v e data . The correspondant
% NFAFit and the Dark Current . mat have to be used to get accurate r e s u l t s .
% The Mirrorreg have to be adjusted as we l l depending on the exper iments .
% Eventual ly , the l o c a t i o n where the proproce s s f i l e s have to be taken or
% the l o c a t i o n where to save the r e s u l t s might be changed .
% This func t i on p r o c e s s e s the images taken with the P ix i s camera ( Pr inceton
% Instrument ) o f the Rayle igh s i g n a l emitted by the vapor ized j e t and the
% ambient .
% The prep roc e s s i s sw i t chab l e and i s g en e r a l l y used to s e l e c t the pattern
% of the j e t on every s i n g l e image . I t saves the matrix o f the s e l e c t e d
% countour to be proce s s ed t h e r e a f t e r .
% Then the t o t a l p roce s s o f the images taken f o r Rayle igh s c a t t e r i n g f i r s t
% c o r r e c t s the raw image with DC, then i t c a l c u l a t e s the ambient i n t e n s i t y
% ou i t s i d e o f the j e t , i t compares the va lue s with the empty v e s s e l to make
% a co r r e c t i o n thanks to a s c a l e f a c t o r and the g l oba l background in f i n a l l y
% subtracted from the raw image in order to obta in the Rayle igh s i g n a l only .
% The background , i . e . the Rayle igh s i g n a l emitted by the ambient i s
% r e b u i l t by tak ing the l a s e r shee t r eg i on above and below the spray
% ( be f o r e and a f t e r ) in order to c o r r e c t the l a s e r s t r i p i n g due to beam
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% s t i r r i n g ( dens i ty g rad i en t changes ) .
% A proce s s c a l l e d i npa i n t i ng removes the p a r t i c l e s that b leed in the image
% not to make the i n t e n s i t y l e v e l wrong . The th r e sho ld o f the i npa i n t i ng
% proce s s has to be tuned in the appendices f unc t i on s d i r e c t l y .
% The d i v i s i o n o f both images prov ide s f i n a l l y the NFA map by ad ju s t i ng
% quan t i t a t i v e l y with the temperature e s t imat i on from an ad i aba t i c
% assumption . The temperature map i s a l s o c a l c u l a t ed and everyth ing i s
% saved .
% "imgNums" i s the number o f the image that has to be proce s sed . ( eg : 001 )
% "preproc " i s an opt ion (0 or 1) to s e t that the func t i on has to go
% through the Rayle igh prep roce s s or i f i t has been done a l r eady . ( eg : 1 )
% " img f i l e " i s the raw f i l e o f the Rayle igh s c a t t e r i n g s i g n a l emitted by
% both the ambient and the spray . ( eg : ’ b i ldn ’ )
% " s a v e f i l e " i s another opt ion to s e t i f the func t i on has to save the
% r e s u l t s or not . ( eg : 0 )

load ( ’ . . . \ NFAfit_rho228Ta900 .mat ’ ) ;
load ( ’ . . . \ Dark .mat ’ ) ;
Dark = drk ;
mi r ro r r eg = [210 7 0 9 ] ;
r e c t = [ 1 120 899 7 1 9 ] ;

i f preproc ;
d i sp ( ’ Rayle igh pr ep roc e s s begins ’ ) ;
f o r i = imgNum;

f i l e 1 = s p r i n t f ( ’% s%.3d . spe ’ , img f i l e , i ) ;
Ray_img = readspe ( f i l e 1 ) ;
[ I n t en s i t y , avg_img ] = Average_Int ( ’ bg0polar07 ’ , 0 , 9 ) ;
raw_img_lvl = mean2(Ray_img (200 : 7 5 0 , 8 0 0 : 1 0 00 ) ) ;
bg_img = avg_img − Dark ;
bg_img_lvl = mean2(bg_img (200 : 7 5 0 , 8 0 0 : 1 0 00 ) ) ;
bg_adj = bg_img*( raw_img_lvl/bg_img_lvl ) ;
img_corr = double (Ray_img) − double ( bg_adj ) ;

[ img_woutpart ] = inpaint ing_Rayle ighpp ( img_corr ) ;

l s_ in t = mean2( med f i l t 2 (Ray_img(650 : 800 , 250 : 650 ) , [ 12 1 2 ] ) ) ;
[ bx , by ] = ginput ( ) ;
bx (1 ) = 1 ;
bottom = [ bx by ] ;
[ tx , ty ] = ginput ( ) ;
tx (1 ) = 1 ;
tx ( end ) = bx ( end ) ;
ty ( end ) = by ( end ) ;
top = [ tx ty ] ;

end
e l s e d i sp ( ’The image has been preproce s s ed already ’ ) ;
end

d i sp ( ’ Rayle igh s c a t t e r i n g proce s s begins ’ ) ;
m = 0 ;
f o r i = imgNum

Matppfilename = s p r i n t f ( ’% s%03dpp .mat ’ , img f i l e , i ) ;
f i l e 1 = s p r i n t f ( ’% s%.3d . spe ’ , img f i l e , i ) ;
Matppf i lepath = ’ . . . ’ ;
Matppf i l e = [ Matppf i lepath Matppfilename ] ;
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load ( Matppf i l e ) ;
yvb = yval (bx , by ) ;
yvt = yval ( tx , ty ) ;
d i sp ( f i l e 1 ) ;
Ray_img = double ( readspe ( f i l e 1 ) ) ;
Ray_img2 = Ray_img − Dark ;
[ I n t en s i t y , avg_img ] = Average_Int ( ’ bg0polar07 ’ , 0 , 9 ) ;
raw_img_lvl = mean2(Ray_img2 ( 200 : 7 5 0 , 8 0 0 : 1 0 00 ) ) ;
bg_img = avg_img − Dark ;
bg_img_lvl = mean2(bg_img (200 : 7 5 0 , 8 0 0 : 1 0 00 ) ) ;
bg_adj = bg_img*( raw_img_lvl/bg_img_lvl ) ;
img_corr = double (Ray_img2) − double ( bg_adj ) ;

Zero_ident = img_corr > 0 ;
Ray_signal = Zero_ident .* img_corr ;

[ img_woutpart ] = inpaint ing_Rayle ighpp ( Ray_signal ) ;

Lshee t t s = [ ] ; Lsheetbs = [ ] ;
f o r k=1:1024

Lsheet tc = img_woutpart ( yvb (k)−4:yvb (k)+5 ,k ) ;
Lshee t t s = [ Lshee t t s Lsheet tc ] ;
Lsheetbc = img_woutpart ( yvt ( k)−5: yvt (k)+4 ,k ) ;
Lsheetbs = [ Lsheetbs Lsheetbc ] ;

end

I_Lsheetts = mean( Lshee t t s ( : , m i r ro r r eg ( 1 ) : mi r ro r r eg ( 2 ) ) ) ;
I_Lsheetbs = mean( Lsheetbs ( : , m i r ro r r eg ( 1 ) : mi r ro r r eg ( 2 ) ) ) ;

lstm = mean( Lshee t t s ) ;
lsbm = mean( Lsheetbs ) ;

f f img = img_woutpart ;
f o r k = mir ro r r eg ( 1 ) : mi r ro r r eg (2 )

s l o p e l s = ( lsbm (k)− lstm (k ) )/ double ( yvb (k)−yvt (k ) ) ;
i n t e r c e p t l s = lstm (k)+ s l o p e l s *double ( yvb (k ) ) ;
f f img ( yvt (k ) : yvb (k ) , k ) = (− s l o p e l s *double ( yvt ( k ) : yvb (k))+
. . . i n t e r c e p t l s ) ’ ;

end

Image = ze ro s (1024 , 1024 ) ;
Image = img_woutpart . / f f img ;
f o r l = 1:1024

f o r c = 1:1024
i f Image ( l , c ) < 0 . 5 ;

Image ( l , c ) = 0 . 5 ;
end

end
end

img_inpntd = ze ro s (1024 ,1024 ) ;
[ img_inpntd ] = inpa int ing_Rayle igh ( Image ) ;

img_inpntd ( : , 1 : mi r ro r r eg (1)−1)=1;
img_inpntd ( : , mi r ro r r eg (2)+1:1024)=1;
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Ray_image = med f i l t 2 ( img_inpntd , [ 6 6 ] ) ;
Ray_image ( i snan (Ray_image ) ) = 1 ;

NFA = int e rp1 (IJALUT, NfNaLUT, Ray_image ) ;
Tn = in t e rp1 (IJALUT, TmixLUT, Ray_image ) ;

i f s a v e f i l e
Matfi lename = s p r i n t f ( ’% s%.3d .mat ’ , img f i l e , i ) ;
Mat f i l epath = ’ . . . ’ ;
Mat f i l e = [ Mat f i l epath Matfi lename ] ;
save ( Mat f i l e , ’NFA’ , ’Tn’ , ’ mirrorreg ’ ) ;

e l s e
end

m = m + 1 ;
NFAglobal ( : , : ,m) = s i n g l e (NFA) ;
Tnglobal ( : , : ,m) = s i n g l e (Tn ) ;
c l o s e a l l

end

NFAavg = double (mean(NFAglobal , 3 ) ) ;
Tnavg = double (mean( Tnglobal , 3 ) ) ;

end

%% ******************************************************************

%********************* Apendices f unc t i on s **************************

%********************************************************************

f unc t i on [ In t en s i t y , avg_img ] = Average_Int ( b g f i l e , f i r s tbg img , lastbg img ) ;

I n t e n s i t y = [ ] ; img_raw = [ ] ;
f o r i = f i r s t bg img : lastbg img

f i l e = s p r i n t f ( ’% s%.3d . spe ’ , b g f i l e , i ) ;
image = readspe ( f i l e ) ;
avg_int_img = mean2( image ( 1 5 0 : 7 8 0 , 7 5 : 1 0 0 0 ) ) ;
I n t e n s i t y = [ I n t e n s i t y avg_int_img ] ;
I n t e n s i t y = mean( I n t e n s i t y ) ;
j = i+1− f i r s t bg img ;
img_raw ( : , : , j ) = image ;
avg_img = mean( img_raw , 3 ) ;

end

end

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

f unc t i on [ img_woutpart ] = inpaint ing_Rayle ighpp ( p i c t ) ;

Imagewop = ze ro s (1024 , 1024 ) ;
f o r r = 1 : 1024 ;

f o r c = 1 : 1024 ;
i f p i c t ( r , c ) > 6000 ;

Imagewop ( r , c ) = NaN;
e l s e
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Imagewop ( r , c ) = p i c t ( r , c ) ;
end

end
end

img_woutpart = inpaint_nans ( Imagewop ) ;

end

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

f unc t i on [ yv]=yval (x , y )

yv = [ ] ;
s z = length (x ) ;

f o r j = 1 : sz−1
i f y ( j +1) − y ( j ) ~= 0

s l ope = (x ( j+1)−x ( j ) ) / ( y ( j+1)−y ( j ) ) ;
i n t e r c e p t = x( j ) − s l ope *y ( j ) ;
i f j == 1

yv = [ yv round ( ( ( x ( j ) : x ( j +1))− i n t e r c e p t )/ s l ope ) ] ;
e l s e

yv = [ yv round ( ( ( x ( j )+1:x ( j+1))− i n t e r c e p t )/ s l ope ) ] ;
end

e l s e i f y ( j +1) − y ( j ) == 0
i f j == 1

yv (x ( j ) : x ( j +1)) = round (y ( j ) ) ;
e l s e

yv (x ( j ) : x ( j +1)) = round (y ( j ) ) ;
end

end
end
yv ( round (x ( end )−2):1024) = y( end ) ;
yv = uint16 ( yv ) ;

end

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

f unc t i on [ img_inpntd ] = inpaint ing_Rayle igh ( p i c t ) ;

NFATn_wop = ze ro s (1024 , 1024 ) ;
f o r r = 1 : 1024 ;

f o r c = 1 : 1024 ;
i f p i c t ( r , c ) > 12 ;

NFATn_wop( r , c ) = NaN;
e l s e

NFATn_wop( r , c ) = p i c t ( r , c ) ;
end

end
end

img_inpntd = inpaint_nans (NFATn_wop) ;

end
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%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

f unc t i on New = inpaint_nans ( nan )

[ n ,m] = s i z e ( nan ) ;
nan = nan ( : ) ;
nm = n*m;
k = isnan ( nan ( : ) ) ;

nan_l i s t = f i nd (k ) ;
known_list = f i nd (~k ) ;

nan_count = length ( nan_l i s t ) ;

[ nr , nc ] = ind2sub ( [ n ,m] , nan_l i s t ) ;

nan_l i s t = [ nan_list , nr , nc ] ;

i f ( nargin <2) | | isempty (method )
method = 0 ;

e l s e i f ~ismember (method , 0 : 5 )
e r r o r ’ I f suppl i ed , method must be one o f : { 0 , 1 , 2 , 3 , 4 , 5} . ’

end

fda = sp a l l o c (n*m, n*m, s i z e ( nan_list , 1 ) * 9 ) ;

% −1,−1
L = f i nd ( ( nan_l i s t ( : , 2 ) > 1) & ( nan_l i s t ( : , 3 ) > 1 ) ) ;
n l = length (L ) ;
i f nl>0

fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .
repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ([−n−1, 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% 0,−1
L = f i nd ( nan_l i s t ( : , 3 ) > 1 ) ;
n l = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ([−n , 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% +1,−1
L = f i nd ( ( nan_l i s t ( : , 2 ) < n) & ( nan_l i s t ( : , 3 ) > 1 ) ) ;
n l = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ([−n+1, 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% −1,0
L = f i nd ( nan_l i s t ( : , 2 ) > 1 ) ;
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nl = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ([−1 , 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% +1,0
L = f i nd ( nan_l i s t ( : , 2 ) < n ) ;
n l = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ( [ 1 , 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% −1,+1
L = f i nd ( ( nan_l i s t ( : , 2 ) > 1) & ( nan_l i s t ( : , 3 ) < m) ) ;
n l = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ( [ n−1, 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% 0,+1
L = f ind ( nan_l i s t ( : , 3 ) < m) ;
n l = length (L ) ;
i f nl>0
fda=fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ( [ n , 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% +1,+1
L = f ind ( ( nan_l i s t ( : , 2 ) < n) & ( nan_l i s t ( : , 3 ) < m) ) ;
n l = length (L ) ;
i f nl>0
fda = fda+spar s e ( repmat ( nan_l i s t (L , 1 ) , 1 , 2 ) , . . .

repmat ( nan_l i s t (L,1 ) ,1 ,2 )+ repmat ( [ n+1, 0 ] , nl , 1 ) , . . .
repmat ( [ 1 −1] , nl , 1 ) , n*m, n*m) ;

end

% El iminate knowns
rhs = −fda ( : , known_list )*nan ( known_list ) ;

New = nan ;
k = nan_l i s t ( : , 1 ) ;
New(k ) = fda (k , k )\ rhs ( k ) ;

New = reshape (New, n ,m) ;

end

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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f unc t i on ne i ghbo r s_ l i s t = ident i f y_ne ighbor s (n ,m, nan_list , ta lks_to )

i f ~isempty ( nan_l i s t )
nan_count=s i z e ( nan_list , 1 ) ;
talk_count=s i z e ( talks_to , 1 ) ;

nn=ze ro s ( nan_count* talk_count , 2 ) ;
j =[1 , nan_count ] ;
f o r i =1: talk_count
nn( j ( 1 ) : j ( 2 ) , : )= nan_l i s t ( : , 2 : 3 ) + . . .

repmat ( ta lks_to ( i , : ) , nan_count , 1 ) ;
j=j+nan_count ;

end

L = (nn ( : , 1 ) <1 ) | ( nn ( : ,1) >n ) | ( nn ( : , 2 ) <1 ) | ( nn ( : ,2) >m) ;
nn(L , : ) = [ ] ;

n e i ghbo r s_ l i s t =[ sub2ind ( [ n ,m] , nn ( : , 1 ) , nn ( : , 2 ) ) , nn ] ;

n e i ghbo r s_ l i s t=unique ( ne i ghbor s_ l i s t , ’ rows ’ ) ;

n e i ghbo r s_ l i s t=s e t d i f f ( ne i ghbor s_ l i s t , nan_list , ’ rows ’ ) ;

e l s e
n e i ghbo r s_ l i s t = [ ] ;

end

end
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