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Abstract
The aviation industry’s expansion in recent decades has led to increased

pollutant emissions, impacting global climate and air quality. Environmental
regulations try to address these issues, encouraging innovation in combus-
tion technologies for aero-engine designs. Lean combustion has emerged as
a potential solution to reduce NOx and particulate matter emissions, but it
requires precise control to avoid flame instability.

In this context, the project ESTiMatE (https://estimate-project.eu/)
emerges aiming to enhance the reliability and precision of soot predictions
specifically tailored to the aeronautical sector. The research carried out within
this project holds significant promise for advancing our knowledge of soot for-
mation mechanisms and improving combustion efficiency, ultimately leading
to reduced emissions and improved environmental sustainability in aviation.
To achieve this, it is crucial to thoroughly understand and characterize various
phenomena that influence soot formation, including fuel atomization, mixing,
combustion, and subsequent emissions formation. The present thesis, as part
of the ESTiMatE project, focuses in the first step to characterize spray flames,
i.e. the liquid atomization process.

There exist some empirical models to characterize atomization. Rosin-
Rammler model assumes an exponential size distribution of droplets, while
PAMELA model combines a Lagrangian representation of individual droplets
with a Eulerian description of the continuous liquid phase, capturing the spa-
tial distribution of droplets within the spray and providing detailed informa-
tion on droplet size and position. The objective of this specific work package
of the ESTiMatE project is to develop a new phenomenological model through
high-fidelity simulations instead of empirical results. This model is proposed
to be coupled to the Integrated Technology Demonstrator (ITD) leader code
PRECISE-UNS and the Barcelona Supercomputing Center (BSC) code Alya
to inject droplets in Lagrangian simulations, effectively reproducing the key
features of the primary atomization process on the spray formation.

Prefilming airblast atomizers are particularly chosen as they gained sig-
nificant popularity in modern aero engines. Conducting fundamental studies
on the actual annular configuration of airblast atomizers is challenging, so
researchers have directed their attention towards planar configurations as an
alternative that can provide valuable insights. The Karlsruhe Institute of
Technology (KIT) has made notable contributions in this regard by develop-
ing a dedicated planar test rig, enabling researchers to conduct comprehen-
sive experiments and generating a substantial database of results encompass-
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ing various working fluids and operating conditions, allowing two-phase flow
modellers to validate their calculations concerning primary atomization.

This thesis presents a comprehensive investigation of primary atomization
in these devices with a computational approach using embedded Direct Nu-
merical Simulations (eDNS) within the PARIS Simulator code. This method-
ology makes use of the Volume of Fluid (VOF) method in VOF-DNS simu-
lations of the atomizing edge to obtain useful data, and precursor one-phase
Large-Eddy Simulations (LES) simulations in order to account for gas inflow
turbulence at the DNS inlet. Nevertheless, two slightly different methodolo-
gies have been derived from eDNS, extending it with additional precursor
two-phase LES simulations. The first one, imposes constant liquid film thick-
ness and velocity at the DNS inlet, but unlike the usual eDNS, their mean
values are obtained processing the new two-phase LES simulations. It has
been validated for a reference operating condition, representative of altitude
relight, as there is many experimental and computational data available in
the literature. The second one, introduces variable liquid film thickness and
velocity instead, constituting a more realistic boundary condition for the DNS.

Two different studies have been conducted in this regard. On the one
hand, using the former methodology, a parametric study was performed to
investigate the impact of mean gas velocity and fluid properties on the forma-
tion of liquid structures. By varying these parameters (therefore Reynolds,
Weber and Ohnesorge dimensionless numbers), differences on the breakup
mechanisms are observed based on the momentum flux ratio, as found in the
literature. The results provide insights into the complex dynamics of primary
atomization and the role of those different operational parameters. The basis
for a phenomenological model has been established using these results, and
it can be extended with more operating conditions following the described
methodology. On the other hand, a comparison between both methodologies
has been carried out in parallel, in order to account for the influence of film
history on the primary atomization process. In this study, by improving the
inlet boundary conditions, the phenomenology observed in the experimental
results from the literature has been succesfully reproduced, unlike with the
standard eDNS.

A novel post-processing technique for characterizing liquid structures has
been proposed and used. Usual post-processing methods in two-phase flows
detect droplets in a 3D domain but only detect ligaments in a top view 2D
projection of it using algebraic functions optimization. However, this new
method is able to find both droplets and ligaments as well as its 3D properties
within the atomizer, using the Open Computer Vision Library (OpenCV)



instead. It has been also validated with the experimental and computational
results in the literature.

Overall, the thesis has laid the foundations for the development of spe-
cific airblast atomization models through the use of high-fidelity simulations.
Therefore, it contributes to a better prediction of the injection, atomization,
evaporation, mixing and combustion phenomena in aero engines, enabling a
more efficient design towards sustainable air mobility.





Resumen
La expansión de la industria aeronáutica en las últimas décadas ha llevado

a un aumento de las emisiones contaminantes, repercutiendo en el clima global
y la calidad del aire. Las regulaciones ambientales intentan abordar estos
problemas, fomentando la innovación en tecnologías de combustión para los
diseños de motores aeronáuticos. La combustión de mezclas pobres ha surgido
como posible solución para reducir las emisiones de NOx y partículas, pero
requiere un control preciso para evitar la inestabilidad de la llama.

En este contexto, el proyecto ESTiMatE (https://estimate-project.
eu/) nace con el objetivo de mejorar la fiabilidad y precisión de las predic-
ciones de hollín enfocándose específicamente en el sector aeronáutico. La
investigación llevada a cabo dentro de este proyecto tiene un gran potencial
para avanzar en el conocimiento sobre los mecanismos de formación de hollín y
mejorar la eficiencia de la combustión, lo que en última instancia conduce a la
reducción de emisiones y una mayor sostenibilidad ambiental en la aviación.
Para lograr esto, es crucial comprender a fondo y caracterizar varios fenó-
menos que influyen en la formación de hollín, incluyendo la atomización del
combustible, la mezcla, la combustión y la consecuente formación de emi-
siones. La presente tesis, como parte del proyecto ESTiMatE, se centra en el
primer paso para caracterizar las spray flames (llamas obtenidas al quemar
un chorro líquido), es decir, el proceso de atomización del líquido.

Existen algunos modelos empíricos para caracterizar la atomización. El
modelo de Rosin-Rammler asume una distribución exponencial del tamaño
de gotas, mientras que el modelo PAMELA combina una representación La-
grangiana de las gotas individuales con una descripción Euleriana de la fase
líquida contínua, capturando la distribución espacial de las gotas dentro del
spray y proporcionando información detallada sobre el tamaño y la posición
de las mismas. El objetivo de este paquete de trabajo específico del proyecto
ESTiMatE es desarrollar un nuevo modelo fenomenológico a través de simula-
ciones de alta fidelidad en lugar de resultados empíricos. Se propone acoplar
este modelo al código PRECISE-UNS del líder Integrated Technology Demon-
strator (ITD) y al código Alya del Barcelona Supercomputing Center (BSC)
para inyectar gotas en simulaciones Lagrangianas, reproduciendo de forma
efectiva las características clave del proceso de atomización primaria en la
formación del spray.

Los atomizadores de tipo prefilming airblast han sido elegidos particular-
mente ya que han ganado una popularidad significativa entre los aeromotores
modernos. Realizar estudios fundamentales sobre la configuración anular de
estos atomizadores es un gran desafío, por lo que los investigadores han enfo-
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cado sus esfuerzos en la configuración plana como una alternativa que puede
proporcionar información valiosa. El Karlsruhe Institute of Technology (KIT)
ha hecho contribuciones notables en este sentido al desarrollar un banco de
pruebas de configuración plana, proporcionando a los investigadores la posi-
bilidad de llevar a cabo experimentos exhaustivos y generar una base de datos
extensa con resultados que abarcan diversos fluidos de trabajo y condiciones
de operación, y permitiendo además a los modeladores de flujo bifásico validar
sus cálculos en relación con la atomización primaria.

Esta tesis presenta una investigación exhaustiva de la atomización primaria
en estos dispositivos con un enfoque computacional a través de simulaciones
Direct Numerical Simulation (DNS) de tipo embebido (eDNS) empleando el
código PARIS Simulator. Esta metodología utiliza el método Volume of Fluid
(VOF) en simulaciones VOF-DNS del borde del atomizador para obtener infor-
mación útil, y simulaciones Large-Eddy Simulations (LES) monofásicas pre-
cursoras que permiten tener en cuenta la turbulencia del gas en la entrada
de dichas simulaciones VOF-DNS. No obstante, se han propuesto dos nuevas
metodologías ligeramente diferentes derivadas a partir de eDNS, extendién-
dola con simulaciones LES bifásicas adicionales. La primera de ellas impone
un espesor y velocidad constantes para la película líquida en la entrada de
la DNS, pero a diferencia de la eDNS habitual, sus valores medios se ob-
tienen procesando las nuevas simulaciones LES bifásicas. Esta metodología
ha sido validada para una condición de operación de referencia, representativa
del reencendido en altitud, ya que hay muchos datos experimentales y com-
putacionales disponibles en la literatura. La segunda, introduce un espesor
y velocidad variables de la película líquida, constituyendo una condición de
contorno más realista para la DNS.

Se han realizado dos estudios diferentes al respecto. Por un lado, utilizando
la primera metodología, se realizó un estudio paramétrico para investigar el
impacto de la velocidad media del gas y las propiedades del fluido en la for-
mación de estructuras líquidas. Al variar estos parámetros (por tanto, los
números adimensionales de Reynolds, Weber y Ohnesorge), se observan difer-
encias en los mecanismos de ruptura basadas en el ratio de flujo de momento
entre líquido y gas, como se afirma en la literatura. Los resultados proporcio-
nan mayor perspectiva sobre la compleja dinámica de la atomización primaria
y el papel que desempeñan esos parámetros operacionales. La base para un
modelo fenomenológico se ha establecido utilizando estos resultados y puede
extenderse con más condiciones de operación siguiendo la metodología de-
scrita. Por otra parte, se ha realizado en paralelo una comparación entre
ambas metodologías, para considerar la influencia de la historia de la película
de combustible en el proceso de atomización primaria. En este estudio, al



mejorar las condiciones de contorno a la entrada, se ha logrado reproducir
con éxito la fenomenología presente en los resultados experimentales de la
literatura, al contrario que con la eDNS estándar.

Se ha propuesto y utilizado una novedosa técnica de postprocesado para
caracterizar las estructuras líquidas. Los métodos de postprocesado habit-
uales en flujos bifásicos detectan gotas en un dominio 3D, pero solamente
detectan ligamentos en una proyección 2D del mismo desde una vista supe-
rior, utilizando optimización de funciones algebraicas. Sin embargo, este nuevo
método es capaz de encontrar gotas y ligamentos, así como sus propiedades,
totalmente en 3D utilizando la librería de visión por computador OpenCV.
También ha sido validado con los resultados experimentales y computacionales
disponibles en la literatura.

Con todo, la tesis ha sentado las bases para el desarrollo de modelos especí-
ficos de atomización airblast mediante el uso de simulaciones de alta fidelidad,
siendo por tanto una contribución hacia una mejor predicción de los fenó-
menos de inyección, atomización, evaporación, mezcla y combustión de los
aeromotores que permita realizar un diseño más eficiente de los mismos hacia
una movilidad aérea sostenible.





Resum
L’expansió de la indústria aeronàutica en les últimes dècades ha portat a

un augment de les emissions contaminants, repercutint en el clima global i la
qualitat de l’aire. Les regulacions ambientals intenten abordar aquests prob-
lemes, fomentant la innovació en tecnologies de combustió per als dissenys de
motors aeronàutics. La combustió de mescles pobres ha sorgit com a possible
solució per reduir les emissions de NOx i partícules, però requereix un control
precís per evitar la inestabilitat de la flama.

En aquest context, el projecte ESTiMatE (https://estimate-project.
eu/) naix amb l’objectiu de millorar la fiabilitat i precisió de les prediccions
de sutge enfocant-se específicament en el sector aeronàutic. La investigació
realitzada dins d’aquest projecte té un gran potencial per avançar en el coneix-
ement sobre els mecanismes de formació de sutge i millorar l’eficiència de la
combustió, cosa que en última instància condueix a la reducció d’emissions i a
una major sostenibilitat ambiental en l’aviació. Per aconseguir això, és crucial
comprendre a fons i caracteritzar diversos fenòmens que influeixen en la forma-
ció de sutge, incloent l’atomització del combustible, la mescla, la combustió
i la consegüent formació d’emissions. La present tesi, com a part del pro-
jecte ESTiMatE, se centra en el primer pas per caracteritzar les spray flames
(flames obtingudes en cremar un doll líquid), és a dir, el procés d’atomització
del líquid.

Existeixen alguns models empírics per caracteritzar l’atomització. El
model de Rosin-Rammler assumeix una distribució exponencial de la grandària
de les gotes, mentre que el model PAMELA combina una representació La-
grangiana de les gotes individuals amb una descripció Euleriana de la fase
líquida contínua, capturant la distribució espacial de les gotes dins de l’spray
i proporcionant informació detallada sobre la grandària i la posició de les
mateixes. L’objectiu d’aquest paquet de treball específic del projecte ESTi-
MatE és desenvolupar un nou model fenomenològic a través de simulacions
d’alta fildelitat en lloc de resultats empírics. Es proposa acoblar aquest model
al codi PRECISE-UNS del líder Integrated Technology Demonstrator (ITD) i
al codi Alya del Barcelona Supercomputing Center (BSC) per injectar gotes en
simulacions Lagrangianes, reproduint de manera efectiva les característiques
clau del procés d’atomització primària en la formació de l’spray.

Els atomitzadors de tipus prefilming airblast han sigut triats particular-
ment ja que han guanyat una popularitat significativa entre els aeromotors
moderns. Realitzar estudis fonamentals sobre la configuració anul·lar d’estos
atomitzadors és un gran desafiament, per la qual cosa els investigadors han
enfocat els seus esforços en la configuració plana com una alternativa que pot
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proporcionar informació valuosa. El Karlsruhe Institute of Technology (KIT)
ha fet contribucions notables en aquest sentit en desenvolupar un banc de
proves de configuració plana, proporcionant als investigadors la possibilitat
de dur a terme experiments exhaustius i generar una base de dades extensa
amb resultats que abasten diversos fluids de treball i condicions d’operació,
i permetent a més als modeladors de flux bifàsic validar els seus càlculs en
relació amb l’atomització primària.

Esta tesi presenta una investigació exhaustiva de l’atomització primària
en aquests dispositius amb un enfocament computacional a través de simula-
cions Direct Numerical Simulation (DNS) de tipus embegut (eDNS) emprant
el codi PARIS Simulator. Aquesta metodologia utilitza el métode Volume of
Fluid (VOF) en simulacions VOF-DNS de la vora de l’atomitzador per a obtin-
dre informació útil, i simulacions Large-Eddy Simulations (LES) monofàsiques
precursores que permeten tindre en compte la turbulència del gas a l’entrada
d’aquestes simulacions VOF-DNS. No obstant això, s’han proposat dos noves
metodologies lleugerament diferents derivades a partir de eDNS, estenent-la
amb simulacions LES bifàsiques addicionals. La primera d’elles imposa una
grossària i velocitat constants per a la pel·lícula líquida en l’entrada de la
DNS, però a diferència de la eDNS habitual, els seus valors mitjans s’obtenen
processant les noves simulacions LES bifàsiques. Aquesta metodologia ha
sigut validada per a una condició d’operació de referència, representativa de la
reencesa en altitud, ja que hi ha moltes dades experimentals i computacionals
disponibles en la literatura. La segona, introduïx una grossària i velocitat
variables de la pel·lícula líquida, constituint una condició de contorn més
realista per a la DNS.

S’han realitzat dos estudis diferents sobre aquest tema. D’una banda,
utilitzant la primera metodologia, es va realitzar un estudi paramètric per a
investigar l’impacte de la velocitat mitjana del gas i les propietats del fluid
en la formació d’estructures líquides. En variar estos paràmetres (per tant,
els números adimensionals de Reynolds, Weber i Ohnesorge), s’observen difer-
ències en els mecanismes de ruptura basades en el ràtio de flux de moment
entre líquid i gas, com s’afirma en la literatura. Els resultats proporcionen
major perspectiva sobre la complexa dinàmica de l’atomització primària i el
paper que exercixen eixos paràmetres operacionals. La base per a un model
fenomenològic s’ha establit utilitzant aquests resultats i pot estendre’s amb
més condicions d’operació seguint la metodologia descrita. D’altra banda,
s’ha realitzat en paral·lel una comparació entre totes dues metodologies, per
a considerar la influència de la història de la pel·lícula de combustible en el
procés d’atomització primària. En aquest estudi, en millorar les condicions
de contorn a l’entrada, s’ha aconseguit reproduir amb èxit la fenomenologia



present en els resultats experimentals de la literatura, al contrari que amb la
eDNS estàndard.

S’ha proposat i utilitzat una nova tècnica de postprocessament per a carac-
teritzar les estructures líquides. Els mètodes de postprocessament habituals
en fluxos bifàsics detecten gotes en un domini 3D, però solament detecten
lligaments en una projecció 2D del mateix des d’una vista superior, utilitzant
optimització de funcions algebraiques. No obstant això, aquest nou mètode
és capaç de trobar gotes i lligaments, així com les seues propietats, total-
ment en 3D utilitzant la llibrería de visió per computador OpenCV. També
ha sigut validat amb els resultats experimentals i computacionals disponibles
en la literatura.

Amb tot, la tesi ha establit les bases per al desenvolupament de models
específics d’atomització airblast mitjançant l’ús de simulacions d’alta fideli-
tat, sent per tant una contribució cap a una millor predicció dels fenòmens
d’injecció, atomització, evaporació, mescla i combustió dels aeromotors que
permeta realitzar un disseny més eficient dels mateixos cap a una mobilitat
aèria sostenible.





“Los hombres geniales empiezan grandes obras, los hombres trabajadores las
terminan”.

Leonardo da Vinci
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𝐴 Amplitude of the signal.
𝑎 Acceleration.
𝐴𝑛 Advection term.
𝑏 Span.
𝐶 Color function.
𝐶𝛼 Interface sharpening binary coefficient.
𝑑 Diameter.
𝐷𝑛 Diffusion term.
𝑑𝑉 Volumetric diameter.
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𝑑𝑒𝑞 Equivalent diameter.
𝑓 Frequency.
𝐹 𝑛 Forces term.
𝑓𝜎 Surface tension force term.
𝑓𝑏𝑢 Breakup frequency.
𝑓𝑚𝑎𝑖𝑛 Main frequency among breakup events.
𝑔𝑐 Cell grading coefficient.
𝐻 Heavyside function.
ℎ Height function.
ℎ𝑐 Channel height.
ℎ𝑙 Liquid film thickness.
ℎ𝑝 Atomizing edge thickness.
𝑘 Turbulent kinetic energy.
𝑘𝐴 Standard deviation constant for the signal amplitude.
𝑘𝑓 Standard deviation constant for the signal frequency.
𝐿 Length scale.
𝑙0 Integral length scale.
𝑙𝜂 Kolmogorov length scale.
𝐿𝑓 Effective film length.
𝐿𝑝 Prefilming length.
𝐿𝑥 Domain length.
𝐿𝑦 Domain height.
𝐿𝑧 Domain span.
𝐿90 Length where 90% of the ligaments broke up.
𝐿𝑏𝑢 Breakup length.
𝐿𝑠𝑡𝑟2𝐷 String length with 2D method.
𝐿𝑠𝑡𝑟3𝐷 String length with 3D method.
𝐿𝑠𝑡𝑟 String length.
𝑀 Momentum flux ratio.
𝑁𝑐𝑒𝑙𝑙𝑠 Number of cells.
𝑂ℎ Ohnesorge number.
𝑃 Pressure.
𝑃𝑎 Ambient pressure.
𝑞 Parameter of the logistic distribution.
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𝑟 Density ratio.
𝑅2 Correlation coefficient.
𝑅𝑒 Reynolds number.
𝑅𝑒𝜏 Friction Reynolds number.
𝑆 Mass transfer source term.
𝑇 Temperature.
𝑡 Time.
𝑇𝑖 FFT Period.
𝑢 Streamwise velocity.
𝑢+ Non-dimensional streamwise velocity.
𝑢𝑑𝑒𝑓 Film deformation velocity.
𝑢𝑙𝑖𝑔 Ligament velocity (at the tip).
𝑢𝑛𝑜𝑟𝑚 Normalized streamwise velocity.
𝑉 Volume.
𝑣 Wall-normal velocity.
𝑣+ Non-dimensional wall-normal velocity.
𝑉𝑐𝑒𝑙𝑙 Cell volume.
𝑉𝑑𝑟𝑜𝑝 Droplet liquid volume.
𝑉𝑙𝑖𝑔 Ligament volume.
𝑣𝑛𝑜𝑟𝑚 Normalized wall-normal velocity.
𝑤 Spanwise velocity.
𝑤+ Non-dimensional spanwise velocity.
𝑤𝑛𝑜𝑟𝑚 Normalized spanwise velocity.
𝑊𝑒 Weber number.
𝑊𝑒𝛿 Weber number based on boundary layer thickness at the pre-

filmer trailing edge.
𝑊𝑒ℎ Weber number based on atomizing edge thickness and gas

velocity.
𝑊𝑒𝑙 Weber number based on liquid film thickness and relative ve-

locity between gas and liquid.
𝑥 Streamwise location.
𝑥𝑚𝑎𝑥 Furthest location in streamwise direction.
𝑦 Wall-normal location.
𝑦+ Non-dimensional boundary layer distance.
𝑧 Spanwise location.
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Subscripts
𝛿 Based on boundary layer.
𝑔 Gas phase.
ℎ Based on atomizing edge.
𝑙 Liquid phase.
𝑆 Surface.





Chapter 1

Introduction

1.1 General context
The aviation industry, which is a key part in global development and economy,
has continued its expansion in the last decades, producing a not negligible part
of the pollutant emissions in the world. This contamination problem produced
by aircraft has a strong impact in global climate and local air quality affecting
human health, and it gets worse because combustion residues at high alti-
tudes of the troposphere are more harmful to the environment than they are
at sea level [1]. For this reason, the aviation industry must keep innovating
and improving performance to ensure the sustainable growth of the sector
and accomplish the increasingly stringent environmental regulations. Orga-
nizations like ICAO-CAEP and the Advisory Council for Aviation Research
and Innovation in Europe (ACARE) established regulations since the 1990s
to which aero-engine designes must adhere, encouraging companies to consis-
tently innovate in combustion technologies and develop new engine concepts
that decrease fuel consumption and minimize pollutant and noise emissions
[2]. ACARE’s objectives for year 2050 primarily aim to reduce 𝐶𝑂2 by 75%
per passenger and km, 𝑁𝑂𝑥 by 90%, and noise by 65% relative to year 2000
levels [3], but there are other pollutants such as 𝐶𝑂, unburned hydrocarbons
(𝑈𝐻𝐶) or soot that have negative effects on health and environment. Modern
gas turbines have succesfully reduced most of them except for 𝑁𝑂𝑥.

All in all, lean combustion has emerged as a good candidate to solve this
problem. During lean combustion the amount of oxygen available is relatively
high as the mixture contains less fuel than it is required for the stoichiometric

1
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combustion, resulting in a reduced temperature and minimizing the formation
of 𝑁𝑂𝑥 and particulate matter like soot. Nevertheless, it requires high control
of the process to avoid combustion instability and flameout [4]. As controlling
combustion in aero engines highly depends on the atomization, evaporation
and mixing phenomena, the research community has increased their interest
in those processes, specially the first one as it triggers the whole sequence.

In this context, the ESTiMatE project arises under the European Union’s
Horizon 2020 research and innovation programme [5]. Its main goal consists
in modeling soot formation in aeronautical combustors at relevant conditions
of engine operation. This involves many different phenomena to be charac-
terized as fuel atomization, air and fuel mixing, combustion and subsequent
emissions formation. As studies deepen our understanding of those processes,
the reliability of soot predicitions increases in the aeronautical sector. This
project has different work packages focusing on four areas: reference experi-
ments, primary breakup, soot model development and turbulent combustion
modelling.

There are different Work Packages (WPs) in this project, one of them
focused in the atomization process taking place in airblast atomizers. The
present thesis, as part of this specific WP, intends to gain insight into the
liquid atomization process in prefilming airblast atomizers. This study is in-
teresting for two reasons: near-field simulation can provide information that is
difficult to obtain through experiments, and atomization is the first link in the
chain for characterizing spray flames. It is in pursue of a phenomenological
breakup model to be coupled with the Integrated Technology Demonstra-
tor (ITD) leader code PRECISE-UNS [6] and the Barcelona Supercomputing
Center (BSC) code Alya [7] to reproduce the main characteristics of the spray
impacting the flame. To this end, high-fidelity simulations of primary breakup
in airblast atomizers have been carried out following the methodology exposed
in Chapter 2. The results obtained have been analyzed and post-processed,
studying the influence of the key parameters in Chapters 3 and 4. Next, the
model is proposed and developed in Chapter 5. In the frame of ESTiMatE,
other project partners will implement this model into Alya and PRECISE-
UNS solvers, examining its computational efficiency and usability in Large-
Eddy Simulations of the reacting flow in aeronautical burners. Finally, the
main findings of the document are described in Chapter 6.
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1.2 Fundamentals of atomization
The atomization process is the transformation of a liquid into small droplets or
particles in a gaseous atmosphere through mechanical devices called atomizers
or nozzles. It is achieved by breaking up a liquid jet or sheet through various
means, such as the kinetic energy of the liquid itself (e.g. pressure swirl
atomizer), the exposure to high-velocity gas stream (e.g. airblast atomizer) or
by mechanical energy applied externally through rotating or vibrating devices
(e.g. rotatory or piezoelectric atomizers) [8].

Depending on the distance to the nozzle, atomization is cathegorized in
two types:

• Primary atomization refers to the initial break-up in the near-field, as
it exits the nozzle. This process is primarily governed by the internal
flow dynamics of the nozzle, including size and shape of the orifice or
the pressure and velocity of the liquid.

• Secondary atomization refers to the further break-up of the liquid struc-
tures formed during primary atomization. This process is typically gov-
erned by external factors such as airflow, turbulence and surface tension,
resulting in a wide range of droplet sizes and shapes.

The ultimate droplet size distribution and spray pattern will depend on a
combination of both processes, as well as the specific properties of the liquid
being atomized and the conditions under which it occurs.

Atomization has a wide range of applications across various disciplines:
agriculture (for pesticides and fertilizers), coating and spray painting, food
industry (powders and emulsions), pharmaceutical and medicine industry (in-
halable drug formulations, virus spreading studies and prevention) or automo-
tive industry (fuel injection systems). This thesis explores the latter, focusing
on fuel atomization in aircraft engines.

There are several dimensionless numbers used to characterize fluid flows
and atomization. The density ratio 𝑟 (Eq. 1.1) relates the ambient gas and
injected liquid densities, where bigger values infer more liquid-gas interactions
and favour mixture. The Reynolds number 𝑅𝑒 (Eq. 1.2) represents the ratio
of inertial to viscous forces within a fluid, relating high values with turbulent
flows and low values to laminar ones. The Weber number 𝑊𝑒 (Eq. 1.3)
relates the fluid’s inertia to its surface tension, and the Ohnesorge number
𝑂ℎ (Eq. 1.4) compares both Reynolds and Weber numbers (viscous forces to
surface tension forces). In these expressions, 𝑢̄ is the characteristic velocity,
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𝐿 is the length scale, 𝜌 and 𝜇 represent the density and the dynamic viscosity
respectively of the phase, and 𝜎 is the surface tension between both liquid and
gas phases [8].

𝑟 = 𝜌𝑔

𝜌𝑙
(1.1)

𝑅𝑒 = 𝜌 𝑢̄ 𝐿

𝜇
(1.2)

𝑊𝑒 = 𝜌 𝑢̄2 𝐿

𝜎
(1.3)

𝑂ℎ = 𝜇√
𝜌 𝜎 𝐿

=
√

𝑊𝑒

𝑅𝑒
(1.4)

There are two main families of atomizers commonly used in aero-engines
that contain no moving parts: pressure-swirl atomizers and prefilming airblast
atomizers [8]. In the former, liquid fuel is brought into the environment and
atomized by means of a pressure difference. This study focuses on the latter
type of devices where, in turn, the fuel is first deposited onto a prefilmer and
then driven by a surrounding high-velocity airstream towards an atomizing
edge as shown in Figure 1.1. When the liquid reaches this edge, a shear in-
stability appears on the film, it breaks up into ligaments and subsequently
disintegrates into droplets. On the one hand, the film thickness parameter
ℎ𝑙 is mainly used to characterise this kind of liquid structures, but as experi-
mental works ([9–12]) cannot set a specific value, it has to be measured after
determining a flow rate. On the other hand, the atomizing edge thickness ℎ𝑝

is another key parameter that influences the primary breakup as identified by
Gepperth et al. [13, 14].

Figure 1.1: Prefilming airblast atomizer scheme.



1.2. Fundamentals of atomization 5

There are two regimes the film can enter depending on its inertia and the
thickness of the atomizing edge [15]. For high inertia films, the major driving
mechanism on this devices is the interface shearing induced by the viscosities
and relative velocity between both gas and liquid phases. This process induces
sequential instabilities (with their corresponding wavelengths) that arise in
form of waves at the film surface and end up in the primary atomization [16–
19]:

1. The Kelvin-Helmholtz (KH) instability appears when there is a velocity
difference in a flow. Figure 1.2 (left) shows a liquid film with two-
dimensional waves in the surface of 𝜆𝐿 wavelength induced by this kind
of instability. This wavelength is calculated in Equation 1.5, where 𝐶
is a constant experimentally measured whose value is between 1 and 2,
and 𝛿𝑔 is the gaseous vorticity thickness.

𝜆𝐿 = 𝐶

√︃
𝜌𝑙

𝜌𝑔
𝛿𝑔 (1.5)

2. A secondary instability (Rayleigh-Taylor) is triggered by the accelera-
tion of the wave crests due to aerodynamic drag [17, 20], inducing a
three-dimensional pattern with wavelength 𝜆𝑇 as shown in Figure 1.2
(right). Afterwards, it is transformed into ligaments that are stretched
and decomposed into droplets. This wavelength is calculated in Equa-
tion 1.6, where 𝑎 is the acceleration of the fluid found in the crest of the
waves.

𝜆𝑇 = 2𝜋

√︃
3𝜎

𝑎 𝜌𝑙
(1.6)

Figure 1.2: Sequential instabilities (left Kelvin-Helmholtz and right Rayleigh-
Taylor) induced in the film surface according to Hong [17] and Varga’s [20]
approach.
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On the contrary, lower inertia films accumulate in the wake region of the
prefilmer. This liquid accumulation at the edge is then sheared by the air
stream, producing a flapping movement that consequently forms bags and
ligaments. Finally, those structures disintegrate into droplets [21].

However, in the flowing conditions for a prefilming airblast atomizer waves
are not periodic and the predictions differ from linear stability theory [22].
As this is a complex problem, there is no established strategy for predicting
the properties of those waves, but Mansour & Chigier [23] studied the liquid
sheet as a damped spring and identified two types of oscillations or wave
modes: sinusoidal (in-phase) and dilatational (out-of-phase). Experimental
works by Stapper & Samuelsen [24], Lozano et al. [25] and Fernández et al.
[26] also displayed macroscopic behaviours depending on the wave mode and
the momentum flux ratio parameter (Eq. 1.7).

𝑀 =
𝜌𝑔 𝑢̄2

𝑔

𝜌𝑙 𝑢̄2
𝑙

(1.7)

Figure 1.3: Mechanisms of liquid sheet atomization dominated by wave
modes, adapted from [15].

The macroscopic behaviours shown in Figure 1.3 are the following:

• The cellular breakup mechanism occurs when gas velocity is low and
liquid velocity is high. It is predominant for 𝑀 values lower than 0.5 [25].
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The dilatational mode can combine with the sinusoidal mode to create
cells following a two-dimensional pattern. It forms spanwise ligaments
and exhibits great penetration and a shallow spray angle.

• The stretched-ligament breakup happens as the value of 𝑀 raises, hav-
ing more influence of the sinusoidal mode compared to the longitudinal
mode, which becomes negligible. This leads to a wider spray angle and a
shorter breakup length. Empirical observations exhibit the formation of
liquid bags carried by the gas which ultimately disintegrate into smaller
droplets.

• The torn-sheet breakup takes place when 𝑀 exceeds 4 [15] or 5 [26],
forming liquid objects with similar characteristics but originating liga-
ments straight in the nozzle tip, and resulting in a "torn" profile.

• The membrane-sheet breakup is the result of 𝑀 surpassing 20 [15]. This
regime is characterized by the absence of any discernible pattern and
shorter breakup lengths, producing considerably wider droplets distri-
butions.

1.3 Case of study
Many researchers have performed experimental studies on actual annular con-
figurations of airblast atomizers (compiled in Table 1.2). Jasuja [27] com-
pared low- and high-shear design philosophies over a wide range of ambient
air densities and kerosene flow rates at an ambient air temperature using Phase
Doppler Interferometry and laser sheet imaging. Matsuura et al. [28] investi-
gated the effects of ambient pressure (𝑃𝑎) on Sauter Mean Diameter (SMD)
for a counter double-swirl high-shear-type fuel injector at different air pres-
sure drops, kerosene flow rates and air flow rate than Jasuja [27], using Phase
Doppler Anemometry and laser sheet Mie scattering visualization. Gepperth
et al [29] explored the coupling of the film flow and primary breakup process
for an industrial prefilming airblast nozzle through high speed shadowgraphy.
Two dimensionality reduction strategies were used for the first time to analyze
the high resolution recordings of such atomizers: proper orthogonal decompo-
sition (POD) and dynamic mode decomposition (DMD). Results revealed an
independence between the extracted frequency of the precessing vortex core,
film waves and atomization events for this range of operating conditions. In
addition, a linear behaviour of the film flow dynamics was observed from the
DMD analysis.
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Figure 1.4: Prefilming airblast atomizer: annular configuration (left) versus
planar configuration (right). Adapted from [30].

Nevertheless, the annular configuration of the airblast atomizer poses a
multi-scale nature problem and presents some geometrical complexity, signif-
icantly hindering its study. In this sense, many efforts have been directed to
planar configurations, which are much simpler and isolate the breakup phe-
nomenon from other macroscopic effects. Conclusions obtained in those are
then extrapolable to the real case due to an analogy by similarity, as pointed
out by Berthoumieu and Lavergne [31] and confirmed by Holz et al. [32].

Focusing on the planar configuration, several test rigs have been devel-
oped to study the primary breakup in airblast atomizers (compiled in Table
1.3), generally using an airfoil-shaped solid section as a prefilmer. Inamura
et al. [33, 34] used this sort of test rig with water as a working fluid under
different operating conditions, establishing the primary breakup mechanism
of these devices. Matas et al. [35] employed a similar setup to study the
shear instability of a planar air-water mixing layer, demonstrating the direct
influence of gas turbulence on this instability and showing that mean gas flow
quantities do not fully characterize its features. The test rig in KIT-ITS [13],
in turn, stands out as it has been used to carry out tests with diverse oper-
ating conditions and fuels through a variety of techniques, providing a huge
experimental database. In this particular model, the airflow is divided into
two ducts by the mentioned airfoil-shaped solid section and the fuel is injected
through some holes equally distributed spanwise close to the leading edge of
the upper surface. The fuel then develops as a planar liquid film reaching
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the atomizing edge. Figure 1.5 shows a cross-section of the KIT-ITS test rig,
whose parameters are defined in Table 1.1.

Figure 1.5: Sketch of the KIT-ITS test rig cross-section.

Table 1.1: Geometrical parameters of the planar prefilmer from the KIT-ITS
test rig [13].

Description Parameter Value [mm]
Length 𝐿𝑝 70.9
Span 𝑏 50
Edge thickness ℎ𝑝 0.23
Channel height ℎ𝑐 8.11
Effective film length 𝐿𝑓 47.6

A first set of experimental studies reported in the KIT-ITS test rig were
conducted by Gepperth et al. [13, 14]. For a varied range of operating condi-
tions (fluids, flow rates, prefilmer geometrical dimensions, ...), the influence of
parameters like mean air velocity 𝑢𝑔, mean film height ℎ𝑙 or atomizing edge
thickness ℎ𝑝 in primary atomization has been studied at ambient pressure and
temperature using shadowgraphy, Phase-Doppler Anemometry (PDA) mea-
surements and ligament tracking. The results showed a strong dependence
of the mean droplet diameter on mean air velocity and atomizing edge thick-
ness, these being the dominant parameters. Prefilming length, liquid physical
properties and liquid volume flow rate had a weaker effect, but still affected
the ligament formation process. From these results, correlations were derived
to predict the breakup frequency, SMD and mean droplet velocities in the pri-
mary atomization region. Unlike previously existing models, their correlation
did not require knowledge of film properties, which are difficult to estimate.

In addition to those experiments with steady conditions at the inlet,
Chaussonnet et al. [36, 37] carried out similar tests at ambient temperature
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and pressure but with fluctuating air flow instead, again using shadowgra-
phy and LDA velocimetry. A pulsating device generated velocity fluctuations
of certain amplitude and frequency, corresponding to usual observed magni-
tudes in real combustion chambers. Results reported a significant influence
on SMD up to a certain frequency, that is, a non-linear transfer function with
a low-pass filter type of behaviour.

Results were later extended to higher ambient pressures through new ex-
periments by Chaussonet et al. [38]. The aerodynamic stress 𝜌𝑔𝑢2

𝑔 was used
instead of the ambient pressure as a more appropriate parameter to character-
ize prefilming airblast breakup, and the domain was virtually split into several
atomizing cells with single ligaments. Besides, two new characteristic lengths
were proposed: one based on atomizing cell streamwise surface, related to the
air velocity; and another one related to film loading, which showed a correla-
tion with the SMD. This is in line with the idea from all previous works that,
for some operating conditions corresponding to certain flow regimes, liquid
accumulation is key to determine the primary spray characteristics. Many
correlations from the literature were compared with these experiments, most
of them underestimating SMD in their predictions. This emphasizes the need
of calibrating models using experimental techniques like shadowgraphy [39].

As experimental studies are expensive and involve specialized facilities and
resources, many researchers have delved into CFD to model primary atomiza-
tion in pursuit of accuracy at lower costs (compiled in Table 1.4). Chaussonet
et al. studied the prefilming airblast atomizer geometry through Large-Eddy
Simulations (LES) to compare with Gepperth [14, 29] experimental results.
They developed the Primary Atomization Model for prEfilming airbLAst in-
jectors (PAMELA) and implemented it into the LES solver AVBP [40]. Con-
sidering the experimental observations, the droplet size distribution followed a
Rosin-Rammler function with both scale and shape parameters depending on
flow properties. The PAMELA model links these parameters with two Weber
numbers based on the thickness of the atomizing edge and the boundary layer
on the prefilmer (𝑊𝑒ℎ and 𝑊𝑒𝛿) and an extra function of ℎ𝑝, obtaining five
constants that are independent from the flow conditions. After calibration of
these constants, they were able to predict mean and root-mean square (RMS)
velocity profiles of the gas flow, capture the vortex shedding downstream of
the atomizing edge and the drop size Probability Density Function (PDF) of
the spray with moderate computational effort. Palanti et al. [41] also carried
out LES of the study case, coupling Interface Capturing Methods (ICM) with
the Eulerian-Lagrangian Spray Atomization (ELSA) approach with the Open-
FOAM open source code [42]. Their objective was to catch the main features
of the breakup mechanisms with a low-intensity computational strategy and
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a novel postprocessing technique, relating curvature of the liquid interface to
the droplet size PDF function.

To get a better understanding of the atomization process, other authors
opted for Direct Numerical Simulations (DNS) as they can provide detailed
information hardly achievable by current optical techniques. Nevertheless, ac-
curate DNS of a full prefilming airblast atomizer geometry are unreasonable
with current computational resources, even assuming the planar configura-
tion simplification. To overcome this limitation, these authors relegated the
domain to the last part of the prefilmer and the primary breakup zone.

Mukundan et al. [43] and Braun et al. [44] used constant velocity profiles
for both the liquid and gas phases at the inlet boundary conditions, gaining
some insight on the breakup mechanisms. However, Sauer et al. [45, 46]
and Warncke et al. [47] introduced the concept of embedded DNS (eDNS).
In this methodology some precursor LES are carried out in order to gener-
ate realistic boundary conditions for the gas phase at the DNS inlet. This
way, the turbulent fluctuations of velocities are stored in planes that serve
as input data for the final target simulation. Warncke et al. [48] specifically
showed a strong influence of such turbulent inflow condition on the primary
breakup process. Jiang and Ling [49, 50] later presented a work particularly
devoted to analyzing the impact of gas turbulence intensity on the develop-
ment and breakup of interfacial waves, demonstrating an effect of inlet gas
turbulence on wave breakup location, dominant mode of breakup and size
distribution of the resultant droplets. The method used in the latter works
to solve the gas-liquid interface is the Volume of Fluid (VOF), in which an
indicator function represents the liquid volume contained in a cell [51, 52].
The advantage of this method is its inherent mass conservation, at the cost of
interface smearing. Carmona et al. [53] used the incompressible solver NGA
[54] combining the VOF method with the Piecewise Linear Interface Cap-
turing (PLIC) technique for interface reconstruction to study the KIT-ITS
configuration, properly replicating the breakup mechanism while mantaining
a limited CPU consumption.

Level-Set methods have also been used by other authors, but hybridizing
them with the VOF method in the so-called Coupled Level-Set Volume of Fluid
(CLSVOF) [43, 55–59] or with the Moment of Fluid method (CLSMOF) [59,
60] in order to counter the mass conservation limitations of the former and
capture interface topology.

On the other hand, Lagrangian methods have also been used to model
primary breakup in prefilming airblast atomizers. In particular, Smoothed
Particle Hydrodynamics (SPH) has been successfully used in 2D [61, 62] and
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3D [44] planar configurations. Being a meshfree method, it allows a signifi-
cantly lower computational cost than grid-based simulations. This advantage
is reduced when a high number of particles need to be tracked. As a drawback,
the interpolation accuracy is influenced by particle arrangement.
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1.4 Objectives
The purpose of this research is to study the primary breakup in airblast at-
omizers representative of aero engines by means of high-fidelity simulations.
A numerical workflow is proposed to carry out non-reactive DNS simulations
covering a wide range of relevant conditions in aero engines performance. Ful-
filling the objective would place the foundations for a specific phenomenologi-
cal model that could be able to reproduce the main characteristics of the spray
with enough precision to be used for reactive flow simulations. Such a model
could replace the existing primary breakup models in the literature, which
are either theoretical or highly calibration-dependent experimental ones. This
would be a great tool for improving combustors efficiency and reducing air
pollutant emissions.

All in all, the specific objectives of this investigation are the following:

• To define a computational methodology in order to analyze the primary
breakup process through DNS simulations, including any required adap-
tations to existing numerical tools.

• To define a post-processing strategy to extract and treat raw data from
the simulations results, comparing relevant magnitudes like breakup
length, breakup frequency, velocities and sizes of the liquid structures
generated.

• To validate the computational methodology and the post-processing
strategy implemented against experimental and computational data
from the literature.

• To study the influence of the inlet boundary condition on the primary
atomization due to the previous behaviour of the film in the precursor
simulations.

• To study the influence of operating conditions on the primary atomiza-
tion process, with different values of the relevant dimensionless numbers:
𝑅𝑒, 𝑊𝑒, 𝑂ℎ and 𝑀 .

• To propose an injection model based on the previous study that mantains
its phenomenology and can be used in Lagrangian LES reactive flow
simulations.





Chapter 2

Computational methodology

When it comes to multiphase flows, they can be studied from both experimen-
tal or computational point of view. The present work is based on Computa-
tional Fluid Dynamics (CFD), particularly using the finite volume method as
it conserves mass, momentum and energy within each element. Nevertheless,
experimental results from literature will be taken into account for validation
purposes.

One of the key aspects of the CFD analysis is turbulence modelling. Tur-
bulence is a chaotic and complex phenomenon characterized by irregular fluc-
tuations in fluid properties that take place over a wide range of spatial and
temporal scales. The cascade theory of energy in turbulence, first mentioned
by Richardson [63] and extended by Kolmogorov [64], proposes that kinetic
energy is transferred from large to smaller eddies until the energy is dissipated
as heat at the smallest scales, as illustrated in Figure 2.1. The intermediate
range between production and dissipation, i.e. inertial range, has a 𝑘−5/3
slope.

There are three main methods to treat turbulence that may have a signif-
icant impact on the outcome and computational cost of the simulation:

• Most CFD simulations currently use the Reynolds-Averaged Navier-
Stokes (RANS) approach in which flow variables are averaged over a
time interval, decomposing them into mean and fluctuating quantities.
The Navier-Stokes equations can be solved with the mean magnitudes,

19



20 Chapter 2 - Computational methodology

Figure 2.1: Illustrative sketch of the energy spectrum for idealized turbulence
adapted from [65].

but additional equations are required to handle the turbulence spec-
trum. This set of additional equations is known as the turbulence clo-
sure model, and represent the correlation between the fluctuating ve-
locity components and the Reynolds stress tensor. The accuracy of the
RANS approach depends strongly on the turbulence model used.
RANS models are classified based on the number of additional equations
and variables they introduce: e.g. 𝑘 − 𝜖 or 𝑘 − 𝜔 models propose two
equations to solve turbulence kinetic energy and dissipation rate, but
make simplifying assumptions to estimate eddy viscosity. RANS mod-
els are computationally efficient and easy to implement, but have firm
limitations when dealing with complex turbulent flows.

• The Large Eddy Simulations (LES) approach applies an spatial or tem-
poral filter to the Navier-Stokes equations in the inertial range, so the
turbulence spectra is decomposed into large and small scales. Large
scales (which contain most of the kinetic energy) are resolved, increas-
ing computational cost and providing a more accurate representation of
turbulence, but subgrid-scale models are employed for small dissipative
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eddies. This is the method used to generate the boundary conditions
for the main simulations of this work, as discussed in Subsections 2.2.1
and 2.2.2.

• Direct Numerical Simulations (DNS) approach solves the Navier-Stokes
equations numerically without any turbulence model. As all the spatial
scales must be resolved, including Kolmogorov microscales, the size of
the elements in the computational mesh has to be small enough. Conse-
quently, it has a strong limitation with domain size and complexity, as it
is extremely computationally intensive. At the moment, its application
is limited to academic and research cases because it provides the most
accurate representation of the turbulence. The main simulations of the
project are conducted with this method as stated in Subsection 2.2.3.

Due to the presence of different phases in the primary atomization problem,
an additional treatment is required beyond that of single-phase CFD model-
ing. Given its importance, interface treatment will be adressed in Section
2.1 introducing some of the computational methods available for it. Numer-
ical methods, spatial and temporal discretization of the domain, boundary
conditions, etc. are explained in Section 2.2.

2.1 Overview of computational methods for inter-
face treatment in primary atomization

The atomization problem is a particular case of two-phase flow where gas and
liquid phases coexist, and the interface between them plays a crucial role in
determining the behaviour of the system. For this reason, the interface treat-
ment is particularly relevant in this problem and there are countless methods
to deal with it.

Typically, these methods are classified according to the two main frames of
reference to describe the motion of fluid particles: Lagrangian and Eulerian.
On the one hand, the Lagrangian specification follows the motion of individual
fluid particles as they move through space, treating the fluid as a collection of
discrete particles and tracking their trajectories as they move with the flow.
On the other hand, the Eulerian specification treats the fluid as a continuous
medium and tracks its properties at fixed points in space as the fluid moves
past them.

Figure 2.2 displays a scheme where many of these methods are classified. In
the one-fluid model a single set of equations is solved to describe the behaviour
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of both phases, in contrast to the two-fluid model where a separate set of
equations is formulated for each phase. However, for illustrative purposes, this
Section only focuses on some of the most commonly used methods for one-
fluid models, which are enclosed in red: Front-Tracking, Volume-of-Fluid and
Level-Set. Additionally, Figure 2.3 presents an example of how the interface
is treated in each of them.

Figure 2.2: Scheme of numerical methods for two-phase flows adapted from
[66]. Sharp-interface methods are distinguished by a white background,
whereas diffuse-interface approaches are represented with a grey background.

2.1.1 Front-Tracking

A common interface-tracking method is Front-Tracking (FT) first proposed
by Glimm et al. [68] and extended by Unverdi, Tryggvason et al. [69, 70].
According to the Lagrangian approach, it tracks the position of the interface
between the fluids as it moves through space and evolves over time. The
interface is divided into connected small segments called "fronts", represented
as blue dots in Figure 2.3 a), and calculates the motion of each of them based
on the local fluid properties and forces acting on them through the kinematic
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Figure 2.3: Diagram of three methods for interface tracking/capturing: a)
Front-Tracking, b) Level-Set and c) Volume-of-Fluid (adapted from [67]).
Blue line represents the interface between liquid (grey) and gas (white)
phases.

equation (Equation 2.1).
𝜕𝑥𝑆

𝜕𝑡
= 𝑢(𝑥𝑆 , 𝑡) (2.1)

An Eulerian grid is still needed to locate said particles and determine fluid
properties associated to each cell.

This method provides a precise representation of the interface simplifying
the determination of surface curvature and forces, but it is not suitable for
primary atomization as it has strong limitations treating with topological
changes such as fluid fragmentation or merging [69], needing to re-mesh the
surface in order to keep a valid description of it by its markers.

2.1.2 Level-Set

Another interface-capturing method is the Level-Set (LS) which uses a signed-
distance function 𝜑 whose values are positive for one side of the interface,
negative in the other side and 0 in the interface as shown in Figure 2.3 b).
This function is transported with an advection equation (Equation 2.2) where
𝑆 = 𝑚̇|∇𝜑| is the mass transfer source term due to phase change across the
interface.

𝜕𝜑

𝜕𝑡
+ u𝑚 · ∇𝜑 = 𝑆 (2.2)

The direction of this motion is normal to the surface, that can be calculated
using Equation 2.3. Curvature is calculated using Equation 2.4.

n = − ∇𝜑

|∇𝜑|
(2.3)
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𝜅 = −∇ · n (2.4)

It is relatively easy to implement, since it does not require interface recon-
struction or tracking and has a high degree of numerical stability. However,
it is sensitive to the numerical algorithms that update the Level-Set func-
tion (like ENO), usually requiring the use of an initialization procedure for 𝜑.
However, implementations showed significant issues with mass conservation.

Many researchers have combined the LS method with Volume-of-fluid re-
sulting in hybrid CLSVOF method [43, 55, 58, 59], or with Moment-of-Fluid
resulting in CLSMOF [59, 60], in order to counter the LS inherent mass con-
servation limitations and capture interface topology, but losing its original
simplicity and increasing computational cost.

2.1.3 Volume-of-Fluid

One of the most extended interface-capturing methods is the Volume-of-Fluid
(VOF) [71]. This method has been chosen to perform the two-phase flow
simulations in this thesis, as its advantages are inherent mass conservation,
simplicity and efficiency; even though precision is limited by the resolution of
the computational mesh, especially in regions with high shear and curvature
[51, 52].

As an interface-capturing method, a marker function as the Heaviside
(Equation 2.5) is used to avoid having two different meshes defining the so-
lution. It is a discontinuous function that is often defined as 1 for the liquid
and 0 for the gas. To describe the motion of the interface, the advection of
the Heaviside function is shown in Equation 2.6.

𝐻(𝑥) =
{︃

1 if inside a closed interface.
0 if outside a closed interface.

(2.5)

𝜕𝐻(𝑥)
𝜕𝑡

+ u∇𝐻(𝑥) = 0 (2.6)

In the particular case of the VOF method, the color function 𝐶 is em-
ployed as the marker function, serving as a computational approximation of
the Heaviside function in its implementation. Equation 2.7 shows the expres-
sion of 𝐶 for a two-dimensional cell. Values of the color function vary between
0 and 1 as shown in Figure 2.3 c).

𝐶𝑖𝑗 = 1
Δ𝑥Δ𝑦

∫︁
𝑉

𝐻(𝑥, 𝑦)𝑑𝑥𝑑𝑦 (2.7)
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The Navier-Stokes equations are solved for the mixture phase where the
color function of every cell is applied to weight the properties of both phases
at the interface, as in Equations 2.8 (density and viscosity respectively).

𝜌𝑖𝑗 = 𝜌𝑙𝐶𝑖𝑗 + 𝜌𝑔(1 − 𝐶𝑖𝑗)
𝜇𝑖𝑗 = 𝜇𝑙𝐶𝑖𝑗 + 𝜇𝑔(1 − 𝐶𝑖𝑗)

(2.8)

Unlike the previous method, the advection of the interface is the main issue
of the VOF method (except for 1D problems). Both algebraic methods and
geometric methods have been proposed for a proper interface advection. As
far as the geometrical methods are concerned, various approaches have been
developed to address this problem:

• Noh and Woodward [72] proposed the Simple Line Interface Calculation
(SLIC) method where the interface is approximated using straight lines,
parallel or perpendicular to the coordinate direction. These lines are
computed in every direction, taking into account the color function value
in the neighbour cells following the direction selected. Figure 2.4 b)
shows an example of SLIC interface reconstruction.

• Hirt and Nichols [71] proposed a similar method than SLIC with parallel
straight lines, but taking into account all neighbour cells and choosing
the advection direction depending on surface normal components. It uses
a combination of first-order upwind and downwind fluxes guaranteeing
stability while minimizing diffusion. Figure 2.4 c) shows an example of
the Hirt and Nichols interface reconstruction.

• DeBar [73] and Youngs [74] developed the Piecewise Linear Interface
Calculation (PLIC) method, which also estimates the interface using
straight line segments. Figure 2.4 d) shows an example of PLIC interface
reconstruction. However, unlike the previous methods, these lines can
extend in any direction, relying on properly computing the face normal
vector n for every cell based on the values of 𝐶 in the surrounding cells.
Some of the algorithms that stand out to compute n are: Youngs’ finite-
difference method [75, 76], the height method [77], the Efficient Least
Squares VOF Interface Reconstruction Algorithm (ELVIRA) [78] or the
least-squares fit method [79].

Additionally, to compute the surface tension force term f𝜎 in the momen-
tum equation (correspondingly divided by 𝜌), not only the normal vector n is
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Figure 2.4: 2D surface reconstruction methods (image from [77]): a) The
original interface, b) SLIC reconstruction, c) Hirt and Nichols reconstruction
and d) PLIC reconstruction.

needed but also the curvature 𝜅 and the Dirac delta function 𝛿𝑆 that concen-
trates the effects of the surface tension on the liquid interface only:

f𝜎 = 𝜎𝜅𝛿𝑆n (2.9)

In the VOF application 𝛿𝑆 can be approximated by |∇𝐶|, but 𝜅 can be
obtained with different methods:

• In the Continuous Surface Force (CSF) method by Brackbill et al. [80],
curvature is estimated with the expression in Equation 2.10. It can
achieve a precise balance between pressure and surface tension in certain
cases, such as spherical droplets or round cylinders, but when the VOF
color function is not continuous it needs to smooth the field (smoothed
CSF). Despite its simplicity, this method can introduce noise and spuri-
ous current propagations, so it has been improved by Renardy and Re-
nardy [81] in the Proper Representation Of Surface Tension (PROST)
which employs quadratic curvature fitting but requires extra computa-
tional effort to obtain the least-squares curve.

𝜅 = −∇ · n (2.10)
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• The Height Function (HF) method first proposed by Torrey et al. [82]
has been successfully tested in several studies [83–85] to perform cur-
vature estimations. The process first involves determining the interface
orientation by identifying the dominant component of the normal vector
n and selecting an appropriate stencil for evaluation. Then the height
function is obtained by summing the volume fractions in each column
or row, and the local curvature can be calculated with centered finite
differences with the Equation 2.11.

𝜅 = ℎ”
(1 + ℎ′2)3/2 (2.11)

Nevertheless, when the radius of curvature is similar to the mesh size
this method becomes inconsistent, particularly in scenarios involving
topology changes. In response to this issue, Popinet [85] introduced a
solution in which, if the HF fails to accurately reconstruct the surface
curvature due to irregularities in the 𝐶 field, a fitting curve based on
these points is employed to provide an estimation.

It is important to note that PLIC is used for reconstructing the interface in
two-phase simulations from this thesis, but different algorithms are employed
to compute n and 𝜅, as it will be discussed in later Sections.

2.2 Proposed methodology for the case of study
This Section covers the details of both different approaches used in this work.
They are shown in Figure 2.5: embedded DNS (eDNS) concept introduced by
Sauer et al. [45] on the left and a proposed extension on the right to account
for the film history upstream of the prefilmer edge.

In the former, single-phase flow LES simulations are carried out to account
for the gas inflow turbulence generated upstream of the atomizing edge, along
the prefilmer channel. Then, by mapping velocity data, this turbulence is em-
bedded into the two-phase flow DNS simulations downstream of the prefilming
edge. In this case, a constant liquid film thickness is established (Figure 2.5
left, ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case). In Chapter 4, the study of the influence of operating
conditions through this method is carried out.

In the latter, an additional two-phase flow LES simulation is proposed
where the previously calculated gas turbulence is mapped to the air inlet
and a constant liquid flow rate is introduced. This simulation develops the
interaction between both gas and liquid phases, imitating the process taking
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Figure 2.5: Simulation workflow of eDNS concept to account for gas inflow
turbulence and a constant liquid film thickness at the DNS inlet (left, ℎ𝑙 ̸=
𝑓(𝑡, 𝑧) case) and proposed workflow extension to account for the liquid film
thickness evolution at the DNS inlet (right, ℎ𝑙 = 𝑓(𝑡, 𝑧) case).

place in the experimental setup and obtaining a liquid film thickness variation
in time and space (Figure 2.5 right, ℎ𝑙 = 𝑓(𝑡, 𝑧) case). Hence, both the liquid
film thickness variation and the velocity data are mapped from the two-phase
flow LES to the DNS inlet. This extension of the eDNS method is analyzed
in Chapter 3, as it constitutes one of the main original contributions from the
present thesis.

For all three types of simulations required to carry out the two de-
scribed approaches, the following Subsections present respectively the gov-
erning equations, meshing strategy and computational setup, as well as the
post-processing techniques used. Validation against experimental or compu-
tational results in the literature for both single-phase and two-phase LES
simulations are also present in this Section for the condition reported in Table
2.1. Hereinafter, this operating condition will be referred to as the reference
condition. Finally, validation for two-phase DNS simulations and comparison
between both approaches will be adressed in Chapter 3.

Dimensionless numbers for every condition are computed with Equations
1.1 to 1.4 particularized for this problem as follows. The Reynolds numbers
are calculated according to Equations 2.12, where the half-channel height ℎ𝑐/2
is chosen as the reference length for 𝑅𝑒𝑔 while the volumetric flow rate is used
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Table 2.1: Functional parameters of the reference operating condition.

Description Parameter Value Units
Temperature 𝑇 298 K
Pressure 𝑃 1 atm
Gas: Air
Gas bulk velocity 𝑢𝑔 50 m/s
Gas density 𝜌𝑔 1.21 kg/m3

Gas dynamic viscosity 𝜇𝑔 1.82 × 10−5 Pa·s
Liquid: Shellsol D70
Liquid normalized volumetric flow rate 𝑉̇ /𝑏 50 mm2/s
Liquid mean velocity 𝑢𝑙 0.5 m/s
Liquid density 𝜌𝑙 770 kg/m3

Liquid dynamic viscosity 𝜇𝑙 1.56 × 10−3 Pa·s
Liquid surface tension 𝜎 0.0275 kg/s2

Density ratio 𝑟 636.36 -
Gas Reynolds number 𝑅𝑒𝑔 13 480 -
Liquid Reynolds number 𝑅𝑒𝑙 24.63 -
Weber number (traditional) 𝑊𝑒𝑙 8.62 -
Weber number (based on atomizing edge) 𝑊𝑒ℎ 25.30 -
Weber number (based on boundary layer) 𝑊𝑒𝛿 151.48 -
Ohnesorge number 𝑂ℎ 0.022 35 -
Momentum flux ratio 𝑀 15.71 -

for 𝑅𝑒𝑙.

𝑅𝑒𝑔 = 𝜌𝑔𝑢𝑔ℎ𝑐/2
𝜇𝑔

𝑅𝑒𝑙 = 𝜌𝑙𝑉̇ /𝑏

𝜇𝑙
(2.12)

As far as the Weber numbers are concerned, their definitions are in Equa-
tions 2.13, where the main differences come from the characteristic dimension
considered.

𝑊𝑒𝑙 = 𝜌𝑔(𝑢𝑔 − 𝑢𝑙)2ℎ𝑙

𝜎
𝑊𝑒ℎ = 𝜌𝑔𝑢𝑔

2ℎ𝑝

𝜎
𝑊𝑒𝛿 = 𝜌𝑔𝑢𝑔

2𝛿𝑇 𝐸

𝜎
(2.13)

For 𝑊𝑒𝑙, the relative mean velocity between gas and liquid 𝑢𝑔 − 𝑢𝑙 is used
while ℎ𝑙 is estimated from the volumetric flow rate and later verified in the
computed two-phase LES. The interest of 𝑊𝑒ℎ, which uses mean gas velocity
𝑢𝑔 and atomizing edge thickness ℎ𝑝, resides in the fact that Chaussonnet et
al. [40] found that the SMD in part scales with 1/

√
𝑊𝑒ℎ. On the other hand,

𝑊𝑒𝛿 is based on the boundary layer thickness at the prefilmer trailing edge
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𝛿𝑇 𝐸 , which is in turn estimated according to Equation 2.14 by analogy to a
turbulent boundary layer on a flat plate [86]:

𝛿𝑇 𝐸 = 0.16 𝐿𝑓

𝑅𝑒
1/7
𝐿𝑓

(2.14)

where 𝑅𝑒𝐿𝑓 is a specific gaseous 𝑅𝑒 based on the effective film length (Table
1.1) as the relevant dimension. The Ohnesorge number is obtained using the
liquid properties and the prefilmer edge thickness ℎ𝑝 as in Equation 2.15:

𝑂ℎ = 𝜇𝑙√︀
𝜌𝑙𝜎ℎ𝑝

(2.15)

Finally, the momentum flux ratio is calculated directly with Equation 1.7,
but the density ratio has been inversely defined as 𝑟 = 𝜌𝑙/𝜌𝑔 for illustrating
purposes.

It is important to emphasize that the proposed methodology relies on the
assumption that the flow in each region represented by a simulation is one-
way coupled. This may be true if the interfacial instability generated in the
planar airblast atomizer is convective, so that perturbation only propagates
downstream of the instability source. But if the instability is absolute, the in-
ternal and external flows will be two-way coupled, meaning it also influences
the flow upstream of the instability source. Fuster et al. [87] investigated
the transition between both regimes generated in a similar configuration (a
splitter plate among planar air–water coflowing sheets), finding the thresh-
old between regimes to be governed by the dynamic pressure ratio and the
density ratio. In particular, for a density ratio 𝑟 = 10 the study reports a
critical momentum flux ratio 𝑀 = 8 above which the interfacial instability is
absolute, but this value decreases to 𝑀 = 1 for 𝑟 = 1000. From here, it fol-
lows that the operating conditions analyzed in the present study are deemed
to trigger an absolute instability, constituting a limitation for this methodol-
ogy. However, this drawback may be addressed including part of the prefilmer
surface upstream of its edge in the DNS domain, so that at least the film in
this region is influenced by the interfacial instability. Despite not fully ac-
counting for the effects of the absolute interfacial instability, the comparison
of the spatiotemporal film thickness evolution from the two-phase precursor
LES against available experimental data will show the extent of validation of
the methodology from a practical standpoint.
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2.2.1 Precursor single-phase flow LES

2.2.1.1 Governing equations and related submodels

To solve the transient incompressible and turbulent channel flow along the pla-
nar prefilmer duct, the Pressure-Implicit with Splitting of Operators (PISO)
algorithm [88] is used through the pisoFoam solver in the OpenFOAM open
source CFD toolbox [42]. It solves Equations (2.16) and (2.17) as the filtered
governing equations for continuity and momentum conservation, respectively:

∇ · ū = 0 (2.16)

𝜕ū
𝜕𝑡

+ ∇ · (ūū) = −1
𝜌

∇𝑃 + ∇ · [(𝜈 + 𝜈𝑆𝐺𝑆) ∇ū] (2.17)

Closure on the filtered governing equations is achieved through the subgrid
scale viscosity 𝜈𝑆𝐺𝑆 , which is modelled by the Wall Adapting Local Eddy-
viscosity (WALE) sub-grid scale (SGS) model from Nicoud and Ducros [89].

2.2.1.2 Computational domain and mesh

Figure 2.6 shows the geometrical dimensions of the computational domain and
the mesh for the turbulent channel. The domain height in the wall-normal
𝑦 direction replicates the full prefilmer channel height from the KIT-ITS test
rig, ℎ𝑐. The width in the spanwise 𝑧 direction is chosen as 𝜋/2 · ℎ𝑐, according
to Moser et al. [90]. The domain length in the streamwise 𝑥 direction is 𝜋 ·ℎ𝑐,
even though a periodic boundary condition is set in the streamwise edges in
order to virtually mimic an infinitely long channel.

A zonal mesh strategy with hexahedral cells is adopted as in the work by
Sauer et al. [46] using blockMesh [91]. Figure 2.6 (left) shows the geometry
of the domain and the direction of the flow. The grid spacing is uniform in
the streamwise and spanwise directions for every mesh zone, but a symmetric
cell-size grading is applied in the wall-normal 𝑦 direction to refine the domain
from the channel core to the walls. Figure 2.6 (right) presents the number
of cells and a grading coefficient for all the 3 zones. This grading coefficient
𝑔𝑐 is the proportion between the sizes of the first and last cell in that zone,
following the arrow direction: 𝑔𝑐 = 𝑐𝑒𝑙𝑙0

𝑐𝑒𝑙𝑙𝑁
. The intermediate cell size increases

or decreases linearly. A 𝑦+ < 1 condition is fulfilled at the walls, preventing
the use of wall functions. This strategy yields a total of 20.1 M cells for the
reference condition.
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Figure 2.6: Geometry and mesh sketch for the single-phase turbulent channel
flow LES (left) and detail of the number of cells and cell grading in each of
the mesh zones (right).

2.2.1.3 Boundary conditions and discretization schemes

As far as the boundary conditions are concerned, nominal gas velocity is ini-
tially prescribed at the inlet (X- boundary) by a Dirichlet boundary condition,
whereas a Neumann boundary condition is used at the outlet (X+ boundary).
A no-slip condition is used at the bottom and top walls (Y- and Y+ bound-
aries) and a periodic condition is used spanwise (Z- and Z+ boundaries). The
boxTurb tool from OpenFOAM [92] is used to initially trigger turbulence in the
domain, generating a divergence-free random initial velocity field consistent
with the mesh that accelerates the initialization process. After a transient,
both the inlet and outlet boundaries (X- and X+) are also converted into peri-
odic boundary conditions. This configuration mimics an infinitely long turbu-
lent channel where turbulence can develop to simulate the prefilmer channel.
After more than 25 washout times in this virtually infinite configuration, the
resultant turbulent velocity field is independent from the initialization, and
may be passed on to the subsequent simulations according to Figure 2.5 work-
flow. To this end, velocity data are sampled at the central YZ plane of the
domain every 1 µs.

All chosen discretization schemes are 2nd order in space and time. As far
as time discretization is concerned, a backward scheme (also known as 2nd

order upwind Euler scheme [93]) is used, which replaces the time derivative of
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a flow property 𝜑 as given by Equation 2.18:

𝜕𝜑

𝜕𝑡
→ 3𝜑 − 4𝜑𝑡−1 + 𝜑𝑡−2

2Δ𝑡
(2.18)

Space discretization is needed for the divergence, laplacian and gradient
operators of the convective, diffusive and pressure terms of Equation 2.17, re-
spectively. In this regard, OpenFOAM’s Finite Volume Method (FVM) makes
use of the Gauss theorem to convert cell-based volume integrals of a field di-
vergence to surface integrals of the related vector field over the volume surface
(i.e. flux across cell faces). Since flow properties are stored at the cell cen-
troids after each time step in a collocated arrangement, the advection of a flow
property 𝜑 requires the computation of cell face fluxes, for which interpolation
from adjacent cell centroids is required. Linear interpolation of 𝜑 to the cell
faces is chosen in what is known as a Gauss linear 2nd order scheme. Lapla-
cian discretization also requires the computation of surface-normal gradients
at cell faces. The surface normal gradients of a property 𝜑 are also computed
by linear interpolation of the property from cell centroids to the cell faces, nor-
malized by the distance among cell centroids. The same procedure is used for
the discretization of the pressure gradient term. It must be noted that during
the PISO loop for pressure-velocity coupling, the calculations are done with
pressure at the cell centroids and the velocity components being interpolated
at cell faces to compute the flux across them, thus in a staggered fashion. For
further details on OpenFOAM’s predefined discretization schemes, the reader
is referred to Greenshields and Weller [94].

Finally, a Geometric Agglomerated Algebraic Multi-Grid (GAMG) is used
as the linear solver. The time step is let to vary during simulation runtime,
being set by restricting the maximum CFL number to 0.6. For the reference
operating condition of Table 2.1, this results in time steps in the order of
1 × 10−7 s.

2.2.1.4 Post-processing and validation

For illustrating purposes, Figure 2.7 shows an example of the instantaneous
data samples in a YZ plane, where the spatial variability of each velocity
component can be appreciated.

The velocities gathered in the YZ plane are spatially averaged over the Z
axis and temporally averaged (a 5.6 ms window in the reference condition) in
order to analyze the wall-normal velocity profile and whether it conforms with
the law of the wall. Results for the mean dimensionless streamwise velocity
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Figure 2.7: Snapshots with the three normalized components of the velocity
at 𝑡 = 2.5 ms for the reference condition. Note the different scale in each
case.

profile in the reference condition (𝑅𝑒𝜏 ≈ 685) are shown in Figure 2.8 (left),
where they are also compared to the theoretical law of the wall and to accepted
turbulent channel flow DNS data by Iwamoto et al. [95] (being 𝑅𝑒𝜏 ≡ 650
the closest value available in the literature). LES data show a reasonable
agreement with the theoretical relations, with a smooth transition from the
viscous sublayer to the log-law region. The agreement is comparable to that
of a DNS computation, highlighting the level of resolution achieved by this
precursor LES.

The root mean square (RMS) of each velocity component are similary com-
puted and averaged. Their wall-normal evolution is plotted against Iwamoto’s

Figure 2.8: Comparison of a single-phase LES temporally and spatially av-
eraged velocity results against DNS data from Iwamoto et al. [95]: non-
dimensional mean streamwise velocity profile (left, with the theoretical law of
the wall sublayers also depicted in black), non-dimensional root mean square
velocity components (right).
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DNS data in Figure 2.8 (right) with a similar level of agreement, although a
slight underprediction is present for all components.

Additionally, the turbulence spectra were also analyzed through the au-
tocorrelations of the velocity components to ensure sampled data correspond
to a statistically steady time series and no artificially induced frequencies are
passed on to subsequent simulations.

2.2.2 Precursor two-phase flow LES

2.2.2.1 Governing equations and related submodels

In order to solve the transient two-phase flow the interFoam solver within
OpenFOAM is used. It applies the VOF interface-capturing approach men-
tioned in Section 2.1.3, which introduces the cell liquid volume fraction
𝛼 = 𝑉𝑙/𝑉𝑐𝑒𝑙𝑙 as a variable and advects it according to Equation 2.19.

𝜕𝛼̄

𝜕𝑡
+ ū · ∇𝛼̄ + ūc · ∇ [𝛼̄ (1 − 𝛼̄)] = 0 (2.19)

This equation is derived combining the separate mass conservation equa-
tions for both phases, under the assumptions that both of them are incom-
pressible, isothermal and immiscible. Hence, the consideration is made that
the flow velocity normal to the interface is zero. The last term in Equation
2.19 is an artificial compression term that only acts in the vicinity of the in-
terface (i.e. it is different than zero only when 0 < 𝛼 < 1), creating a flux
that counters numerical diffusion keeping a sharp interface [96]. The velocity
vector 𝑢𝑐 is defined according to Equation 2.20:

uc = 𝐶𝛼 |u| n (2.20)

where 𝐶𝛼 is a binary coefficient that switches interface sharpening on (with
a value of 1) or off (with a value of 0), and n is the interface unit normal
vector, used to define the direction of the applied compression velocity and
determined by Equation 2.21:

n =
∇𝛼

|∇𝛼|
(2.21)

In this work 𝐶𝛼 has been set as 1 so that interface sharpening is active.
Additionally, the geometric method PLIC is used for interface advection while
surface tension is modelled through CSF (see Section 2.1.3).
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Last, the WALE SGS model is again used to model sub-grid turbulence.
Since this model was originally conceived for single-phase flow, this does not
allow for a full modeling of the subgrid terms arising from the two-phase flow
filtered equations, thus being a source for uncertainty. Noteworthy advances
have been performed by the scientific community developing such models spe-
cific for two-phase flows [97–99], but they have not yet been benchmarked in
practical engineering flows applications. Future works should count on these
specific submodels to increase the reliability of the predictions.

2.2.2.2 Computational domain and mesh

Figure 2.9 shows the geometry considered for the computational domain of
the two-phase channel flow, together with the mesh used. The domain dimen-
sions keep the full channel height ℎ𝑐 in the wall-normal 𝑦 direction. In the
streamwise 𝑥 direction, there is enough space from the fuel inlet (included at
the bottom of the domain) to the domain outlet for the film to develop half
of the prefilmer effective film length 𝐿𝑓 . Including some space to separate

Figure 2.9: Geometry and mesh sketch for the two-phase turbulent channel
flow LES.
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the fuel inlet from the air inlet, this yields a total length of 26.2 mm. Since
the mesh in this case is finer than the one for the single-phase flow precursor
LES, the width in the spanwise 𝑧 direction is chosen as 3/4 · ℎ𝑐 (nearly half
of the single-phase flow precursor LES) in order to keep a limited amount of
computational resources.

A zonal mesh strategy is utilized again. A cell-size grading is prescribed
in the wall-normal 𝑦 direction, similar to the one used in the single-phase
flow precursor LES. In this case, however, an additional refined zone is added
at the lower part of the domain in order to better represent the gas-liquid
interface. This yields a 4-step sequence from the wall-normal domain center
to the bottom, keeping the condition of 𝑦+ < 0.9 at the top and bottom walls,
again preventing the use of wall functions. A local refinement is added at
the streamwise location where the fuel inlet is placed. The grid spacing is
uniform in the spanwise direction, but a slight grading is applied streamwise
towards the outlet. This strategy yields a total cell count of 21.4 M cells for
the reference condition.

2.2.2.3 Boundary conditions and discretization schemes

Air velocity is provided at the gas inlet (X- boundary) as a Dirichlet bound-
ary condition with time-varying data mapped from the single-phase LES sim-
ulation, linearly interpolating among sampled planes. The fuel inlet at the
Y- boundary occupies part of the streamwise direction and is uniformly dis-
tributed spanwise, so as to replicate the uniform fuel injection achieved up-
stream of the prefilmer edge at all operating conditions in the KIT-ITS test
rig. A Dirichlet boundary condition is also used, liquid velocity being imposed
according to the inlet area in order to prescribe the flow rate. A Neumann
boundary condition is used at the domain outlet (X+ boundary). A no-slip
condition is used at the bottom (except for the fuel inlet region) and top walls
(Y- and Y+ boundaries) and a periodic condition is again used spanwise (Z-
and Z+ boundaries).

This configuration mimics the upper part of the KIT-ITS planar prefilmer
so both the liquid film waves and the air-fuel boundary layer may be passed
on to the subsequent atomizing edge DNS according to Figure 2.5 (right)
workflow. To this end, velocity and liquid volume fraction data are sampled
at a YZ plane close to the domain outlet every 2 µs.

The pressure-velocity coupling is again solved using the PISO algorithm.
The Multidimensional Universal Limiter for Explicit Solution (MULES)
method within interFoam is used to solve for the liquid volume fraction advec-
tion given by Equation 2.19. This method uses a Flux-Corrected Transport
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(FCT) algorithm [100] and ensures the boundedness of the solution thanks to
a predictor-corrector procedure. As it happened for the single-phase precursor
LES, the chosen discretization schemes are 2nd order in time and space. The
Crank-Nicolson method [101] is now used for the temporal discretization of 𝛼
in Equation 2.19, whereas the vanLeer scheme [102] is chosen for the MULES
limiter. The fully discretized version of Equation 2.19 using MULES and the
description of the predictor-corrector procedure used in this investigation are
given by Kim et al. [103]. The discretized version of the momentum equation
using interFoam is given by Deshpande et al. [104].

The Geometric Agglomerated Algebraic Multi-Grid (GAMG) is again used
as the linear solver. A fixed time step of 5 × 10−8 s is used in the reference
case, ensuring the maximum CFL number never surpasses 0.25. The resulting
time steps are also checked to comply with additional criteria for capillary
velocity and viscosity constraints in order to reduce the growth of spurious
currents as stated by Deshpande et al. [104], even though they state this
phenomenon not to be a major issue for inertia-dominated flows.

It must be noted that the chosen interface compression and curvature
evaluation methods are in general not as physically accurate as interface re-
construction methods (such as PLIC) and other curvature approaches (such
as Height Functions, used in subsequent DNS simulations, or hybridization
with the Level Set method). However, it must be considered that the precur-
sor two-phase flow LES does not look at solving for liquid atomization, but
for the inertia-dominated free-surface flow, where the exact reproduction of
curvature is not deemed to be critical. Hence, the fact that the chosen method
is mass conservative [96] is the reason for its choice towards coupling with the
two-phase flow DNS. This approach for the VOF method and curvature han-
dling has been succesfully validated elsewhere for two-phase wave simulation
with an orthogonal mesh [103].

2.2.2.4 Post-processing and validation

For the two-phase flow LES, results were analyzed once the liquid injection
transient was finished. Figure 2.10 (left) shows the qualitative appearance of
the film for a given instant of the reference condition. Normalized velocity
data at three different YZ planes are shown to illustrate the influence of the
liquid film on the gaseous phase velocity, as a liquid-gas boundary layer is
developed. Figure 2.10 (right, top) depicts a side view of the liquid film.
Vorticity magnitude data at the mid XY plane is shown, where it may be
seen how the liquid-gas interaction along the film crests and valleys generates
additional vortex to the ones generated at the gas-wall boundary layer on the
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upper wall. These vortex also spread for a larger distance from the film in
the wall-normal direction than they do in the case of the gas-wall interaction.
This fact also highlights the generation of a thicker boundary layer among
liquid and gas. A top view of the film is also shown in Figure 2.10 (right,
bottom) to complete the qualitative appearance of the liquid film, showing
the wavy behavior with crests and valleys being shaped and propagated in
the streamwise direction. Several wave crests or valleys can be contained in
the spanwise direction.

Figure 2.10: Qualitative appearance of the liquid film on the prefilmer de-
picted through a 𝛼 = 0.5 iso-surface for a given time instant. 3D represen-
tation with velocity data at three different streamwise locations (left), side
view with vorticity magnitude in a mid-plane (right, top), top view (right,
bottom).

In this case, liquid volume fraction 𝛼 data sampled at the three YZ planes
and at the domain mid-plane XZ were processed to compute the liquid film
height at all locations and their temporal evolution. The analysis allowed
determining that data at the 𝑥 = 2 · ℎ𝑐 location is already not influenced
by the inlet boundaries and thus can be passed on to the atomizing edge
DNS. As a parametric study is performed in Chapter 4, computational results
of those additional operating conditions are also shown in this Section for
illustrating purposes, including additional gas velocities (𝑢̄𝑔 = 20 m/s and
𝑢̄𝑔 = 70 m/s) and an additional liquid (a H20-1,2-Propanediol mixture) which
is denser (1008 > 770 kg/m3), more viscous (0.00606 > 0.001 56 Pa s) and
has a higher surface tension (0.0466 > 0.0275 kg/s2) than Shellsol D70. For
further details on these conditions, the reader is referred to Chapter 4 (Table
4.2).
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Figure 2.11: Qualitative top view comparison of the liquid films between dif-
ferent operating conditions.

A qualitative comparison between these conditions is presented in Figure
2.11, from where some trends are identified. When increasing velocity (and
therefore, 𝑅𝑒𝑔 values) for a given liquid, more waves emerge on the surface.
Comparing both liquids for a given velocity, the denser one experiences slightly
less rippling than the other. This comparison also reveals that the higher 𝑊𝑒𝑙

is, the more the liquid film wrinkles.
The temporally averaged mean liquid film height and the corresponding

standard deviation found at this location are plotted in Figure 2.12 against
experimental data for similar conditions reported by Gepperth et al. [13].
Further averaged results at this location are displayed in Table 2.2. It must
be stated that the mean temporal frequency value obtained by the LES in the
reference condition (𝑓𝑓𝑖𝑙𝑚 = 585.9 Hz) is also very close to the one reported
by Holz et al. [62] (𝑓𝑓𝑖𝑙𝑚 = 595 Hz) for the same operating condition.

Computational results are thus compatible with available literature data.
The model is sensitive to the variations in global inputs, as given by the ex-
pected trends: for a given fluid, mean film thickness decreases with the mean
gas velocity; whereas for a given gas velocity, mean film thickness increases
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Figure 2.12: Mean film height ℎ̄𝑙 as a function of the bulk gas velocity for
the simulations and experimental data. Computational values, gathered for
two different fluids, were obtained at 𝑥 = 2 · ℎ𝑐 and also depict the standard
deviation 𝜎ℎ𝑙 (both temporally and spatially along the Z axis) from the mean
film height. Experimental data were reported for Shellsol D70 and the same
normalized volumetric flow rate [13].

Table 2.2: Temporally averaged data for the 2-phase flow LES at 𝑥 = 2 · ℎ𝑐,
where 𝑢̄𝑔 is the gas bulk velocity, ℎ𝑙 and 𝜎ℎ𝑙 are the mean and standard
deviation of the film height respectively, 𝑓𝑓𝑖𝑙𝑚 is the mean film wave frequency
and 𝜆𝑓𝑖𝑙𝑚 is the mean film wavelength. Reference condition is in bold.

Parameter Units
Liquid - Shellsol D70 H20-1,2-Propanediol
𝑢̄𝑔 m/s 20 50 70 50 70
ℎ𝑙 𝜇m 101.3 74.3 62.5 104.5 86.4
𝜎ℎ𝑙 𝜇m 7.5 7.1 8.1 7.8
𝑓𝑓𝑖𝑙𝑚 Hz 585.9 822.8 435.9 554.6
𝜆𝑓𝑖𝑙𝑚 mm 2.28 1.99 2.59 2.61
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with increasing liquid density, viscosity and surface tension (i.e. decreas-
ing 𝑊𝑒𝑙). The standard deviation with respect to the mean value is similar
among moderate gas velocities cases, but the value could not be reported for
𝑢̄𝑔 = 20 m/s, as a long simulation time is needed to account for a statistically
significant number of wave peaks. As far as the film wave frequencies are con-
cerned, they increase with increasing gas velocity and decrease for the denser,
more viscous fluid.

The predictions by this precursor 2-phase flow LES are successfully val-
idated by these means, considering that the proposed methodology implies
one-way coupling among simulations so that the effect of the interfacial insta-
bility generated by the prefilmer edge on the upstream flow is not accounted
for. The averaged value of ℎ𝑙 is passed on to the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) atomizing edge
DNS, whereas sampled data are provided to the ℎ𝑙 = 𝑓(𝑡, 𝑧) case.

2.2.3 Two-phase flow DNS

2.2.3.1 Governing equations and related submodels

To solve the incompressible, isothermal and immiscible two-phase flow at
the atomizing edge with a Direct Numerical Simulation (DNS) approach, the
PARIS (PArallel, Robust, Interface Simulator) code [105] was used. It applies
the Navier–Stokes equations in the one-fluid formulation of two-phase flow,
using the finite volume approach with mass and momentum conservation, and
including also the surface tension forces term:

𝜌

[︂
𝜕u
𝜕𝑡

+ ∇ · (uu)
]︂

= −∇𝑝 + 𝜇∇2u + 𝜎 𝜅 𝛿𝑆 n (2.22)

The VOF method (see Section 2.1.3) is used to capture and advect the
interface following Equation 2.23, leaving aside the artificial interface com-
pression term introduced in the two-phase precursor LES (Equation 2.19).

𝜕𝛼

𝜕𝑡
+ u · ∇𝛼 = 0 (2.23)

In contrast to the two-phase precursor LES, the Calcul d’Interface Affine
par Morceaux (CIAM) approach [76] is used to advect the interface. CIAM
is French translation for PLIC, but while PLIC refers to generic methods
with a piecewise linear reconstruction step, CIAM refers to a particular type
of advection method also named Lagrangian Explicit. To reconstruct the
interface, the normal vector n is computed with the Mixed-Youngs-Centered
scheme (MYC) [106], while the curvature 𝜅 is estimated through the Height
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Functions (HF) approach [85]. These methods are mentioned in Section 2.1.3,
however for full implementation details in PARIS the reader is referred to the
work by Aniszewski et al. [105].

2.2.3.2 Computational domain and mesh

The geometry of the atomizing edge DNS domain is showed in Figure 2.13 and
its dimensions are compiled in Table 2.3. These dimensions are very similar
to the ones used in comparable computations in the literature [43, 45, 47, 59,
60]. Including a prefilming length (𝐿𝑝), rather than directly mapping the data
from the precursor simulations at the prefilming edge axial location, allows the
film to evolve on the prefilmer surface accounting (to a limited extent) for the
absolute nature of the interfacial instability. Additionally, the prefilmer edge
thickness ℎ𝑝 was shown in Table 1.1. As per the liquid film thickness, the
value used depends on the two-phase LES simulations: a constant value is
used in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case whereas it fluctuates in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case.

Figure 2.13: Atomizing edge DNS computational domain.

A fixed Cartesian grid is used by PARIS, which is easily generated and
parallelized. The resulting cubic control volumes have pressure collocated at
the cell centres and velocities located at the face centers. This kind of grid is
known as staggered grid, and when used for incompressible flows it has some
advantages over using a collocated one (where all variables are stored in cell
centres): they simplify conservative methods (mass and momentum), increase
accuracy as it performs on kind of a finer grid and provide less numerical
fluctuations [77].

The calculated 𝑅𝑒𝜏 = 267 for the reference condition and the integral
length scale 𝑙0 = 0.8 mm (set to 20% of the channel half height ℎ𝑐/2) yields
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Table 2.3: Main dimensions of the atomizing edge DNS computational do-
main.

Description Parameter Value [mm]
Domain length 𝐿𝑥 6.08
Domain height 𝐿𝑦 6.08
Domain span 𝐿𝑧 4.00
Prefilming length 𝐿𝑝 1.00

a Kolmogorov length scale 𝑙𝜂 = 12 µm (Equation 2.24), implying a minimum
grid spacing of Δ𝑥𝑚𝑖𝑛 = 25 µm according to Pope’s criterion [107] (Equation
2.25). Sauer et al. [46] had performed a detailed discussion about the droplet
representation with different grid sizes (20 µm and 10 µm). They found that a
resolution of the entire liquid mass is hardly achievable, but that the 10 µm cell
size allowed a resolution of 80% of the liquid mass. This resolution matches
the one by Warncke et al. [47].

𝑙𝜂
𝑙0

∼ 𝑅𝑒−3/4
𝜏 (2.24)

Δ𝑥𝑚𝑖𝑛

𝑙𝜂
= 𝜋

1.5 ≈ 2.1 (2.25)

According to these previous studies, a mesh sensitivity study was planned
to test the reference condition with three different cell sizes: 20 µm, 10 µm
and 5 µm. In the first case, convergence problems were experienced, being
unable to get more than a single atomization event. Furthermore, a problem
of dewetting appeared in this simulation, in contrast with the experimental
results reported in the literature. Consequently, its origin was not physical
but numerical instead, due to the lack of resolution in the liquid film. For the
5 µm case, computational cost was higher than the resources available for the
project, so the cell size 10 µm was finally chosen, resulting in 147.87 M cells
for the reference condition.

The lack of sensitivity study has been addressed by reproducing the ref-
erence simulation as close as possible in the Basilisk [108] CFD code, which
shares most of the numerical methods and schemes, the VOF approach, as
well as the same developers with PARIS Simulator. The main advantage is
that Basilisk, contrary to PARIS Simulator, can use an Adaptive Mesh Re-
finement (AMR) tool based in octrees, which allows refining the grid only in
certain interesting locations instead of the whole domain. This may reduce
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the numerical effort required for the DNS simulations while mantaining similar
precision in the results, opening a way to actually perform a mesh sensitivity
study.

For the sake of continuity in the text, the mesh sensitivity study in Basilisk
is reported in Appendix A. While the study revealed no mesh independence
in the targeted results, it allowed concluding that mesh refinement by itself
did not grant a better reproduction of the experimentally observed breakup
mechanisms than the proposed methodology.

2.2.3.3 Boundary conditions and discretization schemes

A Dirichlet boundary condition is provided at the inlet (X- boundary), with
time-varying velocity data mapped from the precursor LES in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧)
case, and both time-varying velocity and liquid volume fraction 𝛼 in the ℎ𝑙 =
𝑓(𝑡, 𝑧) case. Linear interpolations among temporally sampled planes are used
in both cases. A special convective and time-varying boundary is used in the
outlet (X+ boundary) to reduce reflections [109], as expressed in Equation
2.26, where 𝑢𝑚 is computed at each time step as the average streamwise
velocity at the inlet.

𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑚

𝜕𝑢𝑖

𝜕𝑥
= 0 (2.26)

For the bottom and top bounds (Y- and Y+ boundaries) a slip boundary
condition (i.e. moving wall) is used with a streamwise velocity equal to the
mean gas velocity. This condition allowed containing major flow vortices,
with the chosen 𝐿𝑦 dimension ensuring no influence on the region of interest
for primary atomization. A periodic condition is used spanwise (Z- and Z+
boundaries).

Last, a no-slip boundary condition is used for the immersed boundary
(prefilmer solid wall). A static contact angle among the prefilmer solid wall
and the liquid has been introduced as a VOF condition to account for wetta-
bility. As formulated by Lacis et al. [110] following Legendre & Maglio’s work
[111], this boundary condition is mathematically set by defining the interface
normal unit vector at the boundary (n) through Equation 2.27 wherever the
interface is attached to the prefilmer wall:

n · nwall = cos (𝜃) (2.27)

where nwall is the wall-normal unit vector. A contact angle 𝜃 = 60∘ has been
set between the liquid and the prefilmer according to Braun et al. [44].
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In the case of spatial discretization, the QUICK algorithm [112] is used,
and the diffusive flux is solved with a 2nd order central scheme as in Equation
2.28:

𝜑𝑓𝑎𝑐𝑒 = 6
8𝜑𝑖−1 + 3

8𝜑𝑖 − 1
8𝜑𝑖−2 (2.28)

For temporal discretization, the Chorin projection-correction method [113]
is used, involving two steps. Equation 2.29 expresses the variation of the
velocity field separated into two terms, one for every step. Superscripts 𝑛 and
𝑛 + 1 refer to the current and the next time steps, and u* is the intermediate
velocity field.

𝜕u
𝜕𝑡

= (u𝑛+1 − u*) + (u* − u𝑛)
Δ𝑡

(2.29)

In the first step, the velocity field is projected using Equation 2.22 without
the pressure gradient, obtaining the intermediate velocity field u* which is
generally not a divergence-free field. Equation 2.30 presents a first-order for-
mulation of this step simplified for readability, where 𝐴 is the advection term,
𝐷 is the diffusion term and 𝐹 is the forces term.

(u* − u𝑛)
Δ𝑡

= −𝐴𝑛 + 𝐷𝑛 + 𝐹 𝑛

𝜌𝑛
(2.30)

The second step corrects that velocity field using the pressure gradient as
shown in Equation 2.31, and the divergence of this equation results in the
Poisson equation expressed with no dependance of u𝑛+1 (Equation 2.32).

(u𝑛+1 − u*)
Δ𝑡

= −∇𝑝

𝜌𝑛
(2.31)

∇ ·
(︂∇𝑝

𝜌𝑛

)︂
= ∇u*

Δ𝑡
(2.32)

The algorithm is repeated twice and the final result is averaged to extend this
method to the 2nd order.

A variable time step is used ensuring the maximum CFL number never
surpasses 0.2 (limited to a maximum of 2 × 10−8 s), requiring 0.21M core-hours
per each millisecond of simulated physical time in the reference condition.

For a more detailed description of time and spatial discretization schemes,
the reader is referred to [77, 105].



2.2. Proposed methodology for the case of study 47

2.2.3.4 Post-processing methods

Different post-processing tools have been implemented and applied to the
atomizing edge DNS data in order to generate and analyze quantitative results.

The first step to post-process the DNS data is to identify each individual
continuous liquid structure. This is done scanning the whole domain looking
for free surfaces according to an 𝛼 threshold. A parametric study of these
threshold values was conducted by Crialesi et al. [114] to investigate the im-
pact on the detected droplet size distribution. Higher values lead to underesti-
mation of larger droplets (mainly ligaments), while lower values lead to lower
number of small droplets detected (most of them without physical meaning, as
they are close to the simulation mesh size). Figure 2.14 (left) shows a sample
visualization of the instantaneous liquid-gas interface through an iso-contour
of 𝛼 = 0.5. After a binarization using that threshold, the connectivity algo-
rithm from The Visualization Toolkit (VTK) [115] is applied to the domain
for all time steps in order to identify every isolated liquid structure, obtaining
their position and size. Once this is achieved, the intact core is identified as
the first structure (including the film and any ligament directly attached to
it, as shown in Figure 2.14 right) and separated from the droplet cloud and
any detached ligaments. This way, the intact core and ligaments can be inde-
pendently processed on the one hand, whereas the droplet characteristics can
be analyzed on the other hand.

Figure 2.14: All liquid structures identified in the domain for a given instant
of the reference condition through an iso-surface of 𝛼 = 0.5 (left), liquid core
extracted through the connectivity algorithm (right).

Intact core and ligament analysis
As far as the ligaments are concerned, it must be noted that experimental

results available in the literature provide 2D shadowgraphy images [14, 38,
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47]. Hence, as a first approach, the liquid data from the DNS is projected on
the XZ plane in order to obtain comparable images for validation purposes.
Below are the steps to identify the 2D ligaments:

• First, the liquid projection is obtained by aggregating the values of the
𝛼 variable along the Y axis at each XZ plane location. The resulting
data is binarized with a chosen threshold (𝛼 = 1), yielding images such
as the one labelled as Step 1 in Figure 2.15.

Figure 2.15: Steps for 2D ligament analysis (top): liquid core and ligaments
projected over the XZ plane and binarized (Step 1), mask construction (Steps
2 and 3) and isolated ligaments obtained (Step 4). Methods for ligament
length measurement (bottom): Axial distance method (Method 1) and Fast
Marching Method (Method 2). Images correspond to a given instant of the
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case.
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• Then, the isolated ligaments must be extracted from the intact core or
liquid film. The method proposed to this end is as follows. For each Z
coordinate, a function expressing the number of liquid cells before the
first gas cell along the X axis is computed (Figure 2.15 Step 2).

• Next, large slopes are detected with the derivative of this function and
erased with a cutting and smoothing algorithm, obtaining the main liq-
uid core except for the elongated structures (Figure 2.15 Step 3).

• This structure is then used as a cutting mask, substracting it from the
projected domain from Step 1 and obtaining the ligaments as isolated
structures, noise being removed by deleting structures with very small
areas (Figure 2.15 Step 4).

• Finally, each ligament is labeled using the connectivity algorithm from
OpenCV [116].

Once a ligament is characterized, the cell with the maximum X coordinate
is considered to be the tip of that ligament. With that information, there
are two methods for measuring string length 𝐿𝑠𝑡𝑟2𝐷,𝑖 as shown in Figure 2.15
(bottom):

• Method 1 (left) considers the ligament length as the axial distance be-
tween the prefilmer edge and the ligament tip, following a straight line
in the X direction. This is the simplest method and is also used in the
literature shadowgraphy experiments and the simulations by Warncke
et al. [47]. Hence, it has been used to validate the computations of the
present work.

• Method 2 (right) uses the distance function of the scikit-fmm package
in Python, which is an implementation of the Fast Marching Method by
Sethian et al. [117] to solve an Eikonal equation. Defining the prefilmer
edge as a propagating surface, and setting the same constant velocity
for every node in the domain, it returns a distance matrix that is equiv-
alent to the continuous shortest path along ligament connectivity points
between the prefilmer edge and each ligament cell. This post-processing
method proposed stands as a primary contribution in this thesis.

In this work, ligament length data are complemented with ligament veloc-
ity data. During the 2D ligament projection step, at each XZ plane location,
liquid velocities are obtained by adding the values of velocity along the Y axis
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weighted by 𝛼. An example of the resulting velocity projected data for a given
time step is shown in Figure 2.16. Velocity data at the tip of each ligament 𝑖
(ustr2D,i) are obtained from this projection.

Figure 2.16: Liquid core velocity components projected on the XZ plane for
a given time step of the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case.

Besides, a characteristic streamwise velocity of the liquid film is also com-
puted according to the procedure by Warncke et al. [47]. From the liquid
volume projection (Figure 2.15 Step 1) of a given time step 𝑡𝑘, the furthest
location of the attached liquid (𝑥𝑚𝑎𝑥,𝑧𝑘) is determined for each 𝑧 position.
The streamwise deformation velocity at each 𝑧 location is directly computed
among time steps 𝑡𝑘 and 𝑡𝑘−1 as 𝑢𝑑𝑒𝑓,𝑧𝑘 = (𝑥𝑚𝑎𝑥,𝑧𝑘 − 𝑥𝑚𝑎𝑥,𝑧𝑘−1)/Δ𝑡. The
characteristic film deformation velocity of the 𝑡𝑘 time step (𝑢𝑑𝑒𝑓,𝑘) is then
defined by the 90% percentile of all 𝑢𝑑𝑒𝑓,𝑧𝑘 locations.

After 2D data for validation are obtained, a novel 3D methodology is
proposed to prevent DNS information loss during the projection step. The
objective is to preserve the 3D nature of the ligaments both in terms of lig-
ament size and tip velocity components for a more realistic description of
these structures. To this end, the cutting mask obtained in the 2D analysis
is extruded along the Y axis so it can be used as a 3D cutting mask. When
applied to the connected liquid in the domain, only the ligaments are left. It is
then possible to apply another connectivity filter, identifying ligaments sizes
and positions as depicted in Figure 2.17. Properly locating ligaments and the
film in the 3D domain in this way then allows processing string tips, string
lengths 𝐿𝑠𝑡𝑟3𝐷,𝑖 with the Fast Marching Method (Method 2), and the veloci-
ties ustr3D,i directly from the DNS output data. This 3D procedure represents
one of the main contributions of the present thesis to the post-processing of
liquid structures in sprays.
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Figure 2.17: Sample of ligament detection in the 3D domain for a given time
step of the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case.

Regardless of the geometrical treatment given to the ligaments (2D and
3D), some additional quantities derived from their features can be used to
globally characterize the breakup process. A global breakup length is defined
by averaging ligament lengths for all time steps (𝐿𝑏𝑢 = 𝐿𝑠𝑡𝑟) and a mean
ligament tip velocity can be computed by averaging ligament velocities for all
time steps (ulig = ustr). Besides, a mean film deformation speed is also com-
puted as the average among time steps (𝑢𝑑𝑒𝑓 = 𝑢𝑑𝑒𝑓,𝑘). From these quantities,
a mean breakup frequency (𝑓𝑏𝑢) is estimated according to Equation 2.33 [47]:

𝑓𝑏𝑢 = 𝑢𝑑𝑒𝑓

𝐿𝑏𝑢
(2.33)

Finally, in the case of the 3D analysis, an equivalent diameter of each
ligament can be defined from their determined length and volume according
to Equation 2.34:

𝑑𝑒𝑞,𝑖 = 𝑉𝑙𝑖𝑔,𝑖

𝐿𝑠𝑡𝑟3𝐷,𝑖
(2.34)

Droplet cloud analysis
Focusing on the droplet cloud, it has been processed through the same

method used and validated by Crialesi-Esposito et al. [114] for a round spray,
which is here summarized. Taking the assumption of spherical droplets, each
individual droplet 𝑖 is assigned its volumetric diameter according to Equation
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2.35, where the droplet 𝑖 liquid volume (𝑉𝑑𝑟𝑜𝑝,𝑖) is calculated as the sum of
the liquid volume for every cell 𝑗 belonging to the droplet. This can be seen
in Equation 2.36, where 𝑁𝑐𝑒𝑙𝑙𝑠 is the number of cells representing droplet 𝑖
and 𝑉𝑐𝑒𝑙𝑙 is constant since all cells in the domain are of equal size.

𝑑𝑉,𝑖 = 3

√︂
6
𝜋

𝑉𝑑𝑟𝑜𝑝,𝑖 (2.35)

𝑉𝑑𝑟𝑜𝑝,𝑖 =
𝑁𝑐𝑒𝑙𝑙𝑠∑︁

𝑗=1
𝛼𝑗𝑉𝑐𝑒𝑙𝑙,𝑗 = 𝑉𝑐𝑒𝑙𝑙 · 𝑁𝑐𝑒𝑙𝑙𝑠 ·

𝑁𝑐𝑒𝑙𝑙𝑠∑︁
𝑗=1

𝛼𝑗 (2.36)

Droplet velocities are computed as weighted averages of the velocity from
each cell 𝑗 composing the droplet as shown in Equation 2.37, using the liquid
volume fraction as the weighting factor after some simplification.

udrop,i =
∑︀𝑁𝑐𝑒𝑙𝑙𝑠

𝑗=1 𝛼𝑗 · 𝑉𝑐𝑒𝑙𝑙,𝑗 · uj∑︀𝑁𝑐𝑒𝑙𝑙𝑠
𝑗=1 𝛼𝑗 · 𝑉𝑐𝑒𝑙𝑙,𝑗

=
∑︀𝑁𝑐𝑒𝑙𝑙𝑠

𝑗=1 𝛼𝑗 · uj∑︀𝑁𝑐𝑒𝑙𝑙𝑠
𝑗=1 𝛼𝑗

(2.37)

Any other droplet characteristics of interest (local 𝑅𝑒, local 𝑊𝑒, etc.)
can be computed from these magnitudes. Probability density function (PDF)
graphs of both diameters and velocities are provided and analyzed in Chapters
3 and 4. Droplets with 𝑑𝑉 < 20 µm are discarded from the analysis for two
reasons: it is the smallest droplet size detected by the reference experiments
used for validation [47] and this value corresponds to twice the cell size realized
by the proposed DNS simulations.



Chapter 3

Accounting for the influence
of film history on the primary
atomization process

In this Chapter, the results of the atomizing edge DNS simulations (in the
reference condition) for both strategies proposed in Section 2.2 are analyzed
to find out the influence of the film previous history in the primary breakup
process: the eDNS concept to account for gas inflow turbulence with a constant
liquid film thickness at the inlet, ℎ𝑙 ̸= 𝑓(𝑡, 𝑧), compared to the proposed
extension of the method with a variable liquid film thickness at the inlet,
ℎ𝑙 = 𝑓(𝑡, 𝑧). Table 3.1 summarizes the names of the cases of study and the
main differences between them.

Table 3.1: Cases of study of the influence of film history on the primary
atomization process.

Case Air velocity Liquid velocity Film thickness
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) Variable Constant Constant
ℎ𝑙 = 𝑓(𝑡, 𝑧) Variable Variable Variable

The parameters of the reference condition and the dimensions of the do-
main in these simulations were presented in Tables 2.1 and 2.3 respectively.
The mean film height used in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case is ℎ𝑙 = 0.08 mm (cor-
responding to the rounded value obtained in the precursor two-phase LES),
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whereas it fluctuates in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case, this being the object of inves-
tigation. Computations were run with 4096 CPU cores for a total simulated
time of about 9 ms, so that 3 main breakup events were accounted for in both
cases (a first event was discarded, as it corresponds to a simulation transient).

A qualitative analysis is carried out in Section 3.1, describing the atomiza-
tion mechanism and comparing the appearance of the cases. Next, a quanti-
tative analysis of the ligament development and the generated droplet clouds
is conducted in Section 3.2. Finally, Section 3.3 summarizes the main findings
of this study.

3.1 Qualitative analysis
Figure 3.1 illustrates the temporal evolution of the flow for a given breakup
event of both simulated cases. To this end, it represents a series of snapshots
depicting the evolution of the airblasted sheet.

Figure 3.1: Time sequence of the DNS results for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case (top)
and the ℎ𝑙 = 𝑓(𝑡, 𝑧) case (bottom). The liquid is depicted through an iso-
surface of 𝛼 = 0.5, and the prefilmer is in red.

Focusing on the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case on the one hand, the breakup mecha-
nism phenomenology already described in the literature [14, 38, 40, 46, 47] is
reproduced. First, the liquid transported along the prefilmer tends to accu-
mulate behind the prefilmer edge, generating a liquid reservoir (𝑡 = 2.46 ms).
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Two structures then emanate from this reservoir: elongated structures (liga-
ments) on the one hand, and most importantly a liquid sheet that tends to
flap upwards or downwards. This liquid sheet then gets exposed to the free
gas stream coming from above or below the prefilmer surface, shaping bag-
like structures (observed at 𝑡 = 2.46 ms and 𝑡 = 2.61 ms) that keep growing
in size. Eventually, surface tension cannot keep the bag structures attached
to the liquid sheet, so they get punctured and break into droplets in the so-
called bag breakup (𝑡 = 2.61 ms and 𝑡 = 2.75 ms). Additionally, some rims
are shaped from the sides of the bag structures (𝑡 = 2.75 ms), generating sep-
arated ligaments that also break into droplets (𝑡 = 2.91 ms). Some of these
ligaments keep attached to the liquid film that starts generating a new reser-
voir behind the prefilmer edge. If these ligaments do not detach among main
breakup events, they get thicker by receiving some liquid transported from the
film (back to 𝑡 = 2.46 ms). Therefore, in the end, droplets are generated by
two main mechanisms: bag breakup, which generates a large amount of small
droplets only during the main breakup events; and ligament breakup, which
generates a lower amount of relatively bigger droplets, some of them still being
generated among breakup events. The coexistence of these distinct breakup
mechanisms and the importance of the liquid accumulation process is justified
considering the value of the momentum flux ratio (𝑀 = 15.7) achieved for
this operating condition, getting a torn-sheet breakup (recall Figure 1.3).

On the other hand, a look at the ℎ𝑙 = 𝑓(𝑡, 𝑧) case highlights the qualitative
differences when accounting for the liquid film history upstream of the pre-
filmer edge. In this case, the liquid film above the prefilmer surface appears
more wrinkled than in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, as a consequence of the two-phase
LES data mapping procedure. Therefore, the reservoir behind the prefilmer
edge is less uniformly distributed spanwise than it was for the constant film
thickness case, as the film crests and valleys do not reach the reservoir in a
synchronized manner (recall Figure 2.10). As a result, by the time a bag is
formed and flapping, not the complete prefilmer span is filled with enough liq-
uid to shape bags. Hence, while the breakup mechanism remains the same as
in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, the aforementioned fact results in a less violent main
bag breakup event. The amount of generated droplets is substantially lower,
and the resulting cone-like injection zone is narrower in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case
than in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case. Also, the shaped ligaments tend to be thicker,
thus resulting in larger droplets from ligament breakup. In short, even though
there are still main breakup events, the atomization is inhibited to a certain
extent, but seems more continuous in time.
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3.2 Quantitative analysis

3.2.1 Ligaments analysis

Ligaments are characterized in 2D through the liquid volume fraction 𝛼 projec-
tion in the XZ plane and the identification of individual elongated structures,
as detailed in Section 2.2.3.4. The histogram of ligament lengths is shown
in Figure 3.2 for both simulated cases and both experimental and DNS data
from the literature.

Figure 3.2: Ligament 2D length distribution for both simulated test cases
(Method 1 used for ligament length measurement). Literature DNS and lit-
erature experiments are also reported [47].

First, it must be mentioned that both ligament size distributions obtained
by the DNS simulations presented in this investigation importantly differ from
the experimental data reported in the literature. However, Warncke et al. [47]
already justified that the experiment occasionally reports several ligament
lengths beyond the DNS domain (𝐿𝑠𝑡𝑟 > 5 mm), with a wide time window
(i.e. a long amount of breakup events) being analyzed. In the simulations, no
structure attached to the intact core was found to trespass the domain outlet,
with maximum lengths around 𝐿𝑠𝑡𝑟 = 4 mm. Reliably predicting the maxi-
mum ligament length for the operating condition studied would then imply
enlarging the DNS domain and analyzing a greater amount of breakup events.
Both actions are beyond the current affordable computational resources for a
DNS study. In any case, the comparison of both ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) and ℎ𝑙 = 𝑓(𝑡, 𝑧)
cases with the literature DNS (which uses the same domain length as the one
used in the present study) shows fairly similar distributions, with ligament
lengths spanning from 0 to 4.5 mm and most values being found among 1.5
and 2.5 mm. An improvement in the predictions is found in the ℎ𝑙 = 𝑓(𝑡, 𝑧)
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case with respect to the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, as the distribution as a whole and
its mode are shifted towards longer lengths when the liquid film thickness
evolution is accounted for at the DNS inlet. Besides, the distribution more
closely resembles a normal distribution, as it was found for the experiments.
The irregular shape from the distribution can be attributed to the fact that
only 3 breakup events could be simulated.

Before analyzing the results found through the 3D post-processing strat-
egy, it is interesting to assess the differences among Method 1 (axial distance
method) and Method 2 (Fast Marching Method) for ligament length deter-
mination, since 3D sizes can only be determined through Method 2. Figure
3.3 shows this comparison for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) and ℎ𝑙 = 𝑓(𝑡, 𝑧) cases. In both
cases, the distributions found through both methods are relatively similar.
Ligament sizes predicted through Method 2 are statistically slightly displaced
towards larger values, as expected considering that the whole ligament path
is computed as opposed to only accounting for streamwise variations in the
ligament tip location. Anyway, this method displays its potential for the 3D
ligament detection case, for which it is strictly needed.

Figure 3.3: Comparison among the ligament 2D length distributions found
for Methods 1 and 2 for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case (left) and ℎ𝑙 = 𝑓(𝑡, 𝑧) case
(right).

Once the differences among ligament length determination methods have
been assessed, Figure 3.4 depicts the results obtained in the ligament 3D
lengths between simulated test cases. Focusing on one of the simulated test
cases separately, a certain shift towards greater ligament lengths is observed
compared to the analogous 2D distributions obtained with Method 2 from Fig-
ure 3.3, as logical. Except for the shortest ligaments (hardly distinguishable
from the intact film), the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case more closely resembles a normal
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distribution. Despite the comparison in 2D (Figure 3.2) showing longer lig-
ament lengths for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case, the 3D ligament length distribution
found for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case is more shifted towards greater values. Hence,
these differences must be attributed to the more acute flapping observed when
liquid accumulation behind the prefilmer edge is synchronized along the span,
as commented in the view of Figure 3.1. This fact highlights that any ligament
length comparisons with experimental data are not fully representative unless
flapping is also taken into account.

Figure 3.4: Ligament 3D length distributions found for both simulated cases
(Method 2 used for ligament length measurement).

As far as ligament tip velocities ustr are concerned, the distributions ob-
tained for each of the three components in each simulated case are shown
in Figure 3.5. Important differences are found in all cases. Focusing on the
streamwise velocity component, the distribution for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case is
significantly shifted towards higher values (the distribution is centered around
𝑢/𝑢𝑔 = 0.12) than the distribution for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case (most ligaments
found in the 𝑢/𝑢𝑔 = 0 to 0.1 range). This may be explained considering the
locations at which it is more probable to find a ligament tip in each simulated
case, shown in Figure 3.6. In the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, the liquid film flaps more
importantly about the prefilmer center line (recall also Figure 3.1). Thus,
in this case the ligaments extend towards more external wall-normal loca-
tions, where the influence from the liquid and gas-liquid boundary layers is
less severe. At these locations the gaseous phase travels faster, leading to a
greater momentum exchange with the liquid film and the resulting ligaments,
increasing their streamwise velocities. The locations at which the ligament
tips are found also explain the different distributions obtained in Figure 3.5
for the wall-normal ligament tip velocity components: the ℎ𝑙 = 𝑓(𝑡, 𝑧) case
resembles a normal distribution centered about 𝑣/𝑢𝑔 = 0, as the ligament tips
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are equally found around the prefilmer center line in Figure 3.6. However,
the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case yields a bimodal distribution, one of the modes being
centered around a value 𝑣/𝑢𝑔 ≥ 0. This mode corresponds to the fact that, in
this case, the ligament tips are preferentially found above the prefilmer edge
(see Figure 3.6) or close to its center (please note that this result might be
biased by the fact that only 3 breakup events could be simulated, potentially
not resulting in a statistically representative sample in this strategy). Liga-
ments that extend above the prefilmer tend to move away from the prefilmer
surface in the wall-normal direction as they penetrate axially, thus possessing
positive wall-normal velocities. Finally, the differences among test cases in
the spanwise component distributions are less severe, being centered around
𝑤/𝑢𝑔 = 0 in both cases. The deviation about this value is more acute in the
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, since the film disintegration into ligaments is more violent
in this simulation.

Figure 3.5: Distributions of 3D ligament tip velocity components for both
simulated test cases: streamwise velocity (top left), wall-normal velocity (top
right), spanwise velocity (bottom). All values are normalized with the gas
bulk velocity.
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Figure 3.6: Contours displaying the probability of finding a ligament tip in the
different locations of the XY plane: ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case (left) and ℎ𝑙 = 𝑓(𝑡, 𝑧)
case (right).

Figure 3.7 depicts the histogram of ligament equivalent diameters 𝑑𝑒𝑞 for
both simulated cases. For each distribution, there are several peaks or clusters
of ligaments with similar equivalent diameter. Hence, it may be expected
that the sizes of the droplets generated from ligament breakup are related
to these values. However, since the ligament equivalent diameter embeds the
evolution of the ligament diameter along its length, the quantitative values
cannot be directly comparable to drop size diameter values (droplets generated
by ligament breakup are strictly generated at the ligament tip). Anyway,
the qualitative comparison among simulation methodologies is insightful, as a
strong influence of the simulated test case is observed on the processed data.
In the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, equivalent diameters are shifted towards significantly
lower values than their ℎ𝑙 = 𝑓(𝑡, 𝑧) counterpart. It may then be expected for
the droplets generated from ligament breakup in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case to have
statistically lower sizes than the droplets generated from ligament breakup in
the ℎ𝑙 = 𝑓(𝑡, 𝑧) case. A closer look at this phenomenon will be given in the
analysis of the droplet cloud generated in each simulation.

Finally, characteristic quantities from the ligament analysis are displayed
in Table 3.2. As expected according to the view of the size PDFs, the mean
breakup length 𝐿𝑏𝑢 is sensibly underpredicted in all cases, but it reaches values
similar to the literature DNS [47, 59] with the ℎ𝑙 = 𝑓(𝑡, 𝑧) case being slightly
closer, specially in the 2D analysis. The values extracted through the 3D
analysis are higher for both cases, but the increase is more noticeable in the
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case due to the larger extension of the ligaments found in the
wall-normal direction. The film deformation velocity 𝑢𝑑𝑒𝑓 and mean breakup
frequency 𝑓𝑏𝑢 values are underpredicted in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case while the
ℎ𝑙 = 𝑓(𝑡, 𝑧) case overpredicts them. Furthermore, the 3D analysis yields



3.2. Quantitative analysis 61

Figure 3.7: Ligament equivalent diameter distributions found for both sim-
ulated test cases (Method 2 used for ligament length measurement, only 3D
data considered).

lower values than the 2D analysis for both parameters. In terms of 𝑢𝑑𝑒𝑓 , the
ℎ𝑙 = 𝑓(𝑡, 𝑧) case shows again a better agreement with the experiments. All in
all, it is observed that mean values may not be representative of the agreement
in the related distributions.

Table 3.2: Characteristic quantities obtained from the ligament 2D and 3D
analysis for both simulations and size post-processing methods. Literature
DNS and literature experimental data from [47] are also provided. Note: the
𝑢𝑙𝑖𝑔 value of the literature experimental data was found for 𝑉̇ /𝑏 = 25 mm2/s.

Source 𝐿𝑏𝑢 [mm] 𝑢𝑙𝑖𝑔 [m/s] 𝑢𝑑𝑒𝑓 [m/s] 𝑓𝑏𝑢 [kHz]
Lit. Exp. 2D [14] 3.2 5.00 - 4.91
Lit. DNS 2D [47] 2.2 - 8.2 3.73
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) 2D 2.0 5.79 6.53 3.27
ℎ𝑙 = 𝑓(𝑡, 𝑧) 2D 2.1 6.2 11.97 5.70
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) 3D 2.56 6.87 6.28 2.45
ℎ𝑙 = 𝑓(𝑡, 𝑧) 3D 2.25 3.50 11.51 5.12

3.2.2 Droplets analysis

The post-processing technique described in Section 2.2.3.4 allowed detecting
distinct droplets in both simulated cases. The temporal evolution of the num-
ber of detected droplets in each simulation is shown in Figure 3.8, where
the initial transient has been omitted and results are normalized with the
mean amount of droplets detected in the depicted interval. These values are
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406 droplets/frame in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case and 62 droplets/frame in the
ℎ𝑙 = 𝑓(𝑡, 𝑧) case. This large variation could be appreciated from the flow
evolution depicted in Figure 3.1. While other literature works using VOF on
the test case did not specifically report this quantity, their qualitative compar-
isons among experimental and computational snapshots also showed a clear
overprediction of the amount of droplets computationally predicted (especially
noticeable in the side views, considering the actual prefilmer span 𝑏 is an order
of magnitude greater than the simulated span) [47, 59]. This fact is aligned
with the finding of the present investigation, in the sense that accounting for
the liquid film evolution upstream of the prefilmer edge results in a less violent
breakup and a substantially lower amount of generated droplets.

Figure 3.8: Temporal evolution of the number of detected droplets for both
simulated cases. Results are normalized with the mean number of droplets
detected in the time series in each case: 406 droplets for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧), 62
droplets for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case.

Coming back to Figure 3.8, it is possible to distinguish three main breakup
events where the number of droplets suddenly increases, substantially rising
above the average. These instants correspond to the stages of bag breakup
illustrated in Figure 3.1. After a main breakup event, the number of generated
droplets decreases as only ligament breakup is present while liquid is being
accumulated in the reservoir behind the prefilmer edge prior to a new bag
breakup event. Important differences are observed among the simulated cases.
In the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case, the amount of generated droplets after a main event
decays practically down to zero, importantly inhibiting atomization. In the
ℎ𝑙 = 𝑓(𝑡, 𝑧) case, however, the amount of generated droplets only gets down
to half of the average amount. This implies that ligament breakup is more
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relevant in this case and atomization is more continuous. As discussed in the
view of Figure 3.8, the fact that temporal and spanwise variations in the film
thickness are included at the DNS inlet results in film waves reaching the liquid
reservoir behind the perfilmer edge in a non-synchronized manner. Hence, the
film reservoir is not uniform spanwise and bags are not generated along the
whole span by the time some of them break. This yields a less violent main
bag breakup event and a greater relative importance of the ligament breakup,
as the resulting ligaments are also shaped by the remaining reservoir prior to
the formation of new bags.

Additionally, the frequency among main events also differs for both sim-
ulations. A value of 𝑓𝑚𝑎𝑖𝑛 = 656.2 Hz is observed for the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case,
whereas 𝑓𝑚𝑎𝑖𝑛 = 630.0 Hz is found for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case. Even though
both values are similar to the reported 𝑓𝑓𝑖𝑙𝑚 = 585.9 Hz from the 2-phase flow
precursor LES (recall Table 2.2), the ℎ𝑙 = 𝑓(𝑡, 𝑧) case is closer, despite not ac-
counting for the effect of the interfacial instability on the complete prefilming
surface. Holz et al. [62] already reported a direct relation among film wave
frequency and breakup frequency, but justifying the minor differences through
the slight decoupling by the accumulation of liquid at the trailing edge. This
also justifies the differences observed in the present study among film wave
frequency and breakup frequency. Even though the decoupling is present, not
the same breakup frequency is retrieved if the film wave behavior is not in-
troduced to the DNS. While this decoupling among frequencies is observed
for this operating condition with 𝑀 = 15.7, it must be noted that operating
conditions with higher momentum flux ratios [26] or with a lower ratio among
film thickness and prefilmer thickness [34] (as is the case of commonly used
aero engines) are expected to become dominated by the film evolution rather
than by liquid accumulation. In such cases, the presented results highlight the
importance of accounting for the liquid film evolution upstream of the pre-
filmer edge, either through the inlet boundary condition proposed in the study
(one-way coupling among domains), or by means of a larger computational
domain for two-way coupling hardly affordable currently.

As far as the droplet sizes are concerned, Figure 3.9 shows the drop diam-
eter PDFs for both simulated cases compared against experimental data. As
mentioned in Section 2.2.3.4, it is important to note that droplets exhibiting
a diameter 𝑑𝑉 ≤ 20 µm have been discarded from the analysis, also corre-
sponding to the resolution limit of the experimental data [47]. The compar-
ison highlights that a substantially fairer agreement with experimental data
is achieved when accounting for the liquid film history in the ℎ𝑙 = 𝑓(𝑡, 𝑧)
case. This result may be justified in the view of the ligament equivalent
diameter (𝑑𝑒𝑞) distributions (Figure 3.7): droplets generated from ligament
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breakup in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case have statistically lower sizes (comparable to
the ones generated from bag breakup) than the droplets generated from liga-
ment breakup in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case (which are significantly larger than the
ones generated from bag breakup). This explains why the drop size PDF of
the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case seems to have a single mode, as the ligament breakup
mechanism is obscured by the large amount of droplets produced at the bag
burst stage. The drop size PDF of the ℎ𝑙 = 𝑓(𝑡, 𝑧) case, in turn, recovers a
multi-modal distribution, since the droplets generated from ligament breakup
are substantially larger than the ones generated from bag breakup. The fact
that the multi-modal distribution is recovered when accounting for the liq-
uid film thickness evolution upstream of the prefilmer edge implies that this
simulation correctly balanced the relative importance among bag breakup and
ligament breakup, better resembling the experimental results despite showing
a slight underprediction of the size values of the peaks in the first two modes.

Figure 3.9: Droplet size Probability Density Function (PDF) for both simu-
lations and experimental data from Warncke et al. [47].

Figure 3.10 shows the PDFs obtained for each of the droplet velocity com-
ponents, including a comparison with experimental data from [47] in the case
of the streamwise component. Despite the differences in the number of pre-
dicted droplets and their size PDFs, the distributions are relatively similar
among simulated cases. In the case of the streamwise velocity component,
both predicted PDFs resemble a normal distribution. The agreement with ex-
perimental data seems slightly better in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case, although values
are underpredicted for a relevant amount of droplets. The distribution shape
and dispersion about the average is similar for both simulated cases, but the
distribution is shifted towards larger velocities in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case. This
fact is reasonable considering that a larger proportion of small droplets (sub-
ject to less aerodynamic drag when interacting with the gaseous phase) was
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Figure 3.10: PDFs for the droplet velocity components for both simulated
test cases: streamwise velocity (top left, including also experimental data
from Warncke et al. [47]), wall-normal velocity (top right), spanwise velocity
(bottom). All values are normalized with the gas bulk velocity.

Figure 3.11: Contours displaying the probability of finding a droplet in the
different locations of the XY plane: ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case (left) and ℎ𝑙 = 𝑓(𝑡, 𝑧)
case (right).
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found, and results in a substantial overprediction compared to experimental
data. As far as the wall-normal velocities are concerned, the PDF is centered
around 0 for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case, exhibiting low dispersion. Nevertheless,
the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case predicts a noticeably higher dispersion and its average
is displaced towards negative values. As it happened for the ligament tips,
this may be explained considering the locations at which it is more probable
to find a droplet in each simulated case, as shown in Figure 3.11. As already
explained in the view of Figure 3.1, in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case the liquid film
flaps more importantly about the prefilmer center line, resulting in a wider
spray angle. Figure 3.11 also highlights that droplets in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case
are preferentially found below the prefilmer center line, whereas they are quite
uniformly distributed on both sides of the prefilmer in the ℎ𝑙 = 𝑓(𝑡, 𝑧) case.
It is important to recall that, in the former case, ligaments were preferentially
found above the prefilmer, as shown in Section 3.2.1. Figure 3.1 showed a sit-
uation for this case for which ligaments indeed extended above the prefilmer.
Such ligaments were generated from a film flapping motion whose bags got
punctured towards the opposite side of the prefilmer, yielding a substantially
higher amount of droplets below the prefilmer center line. Droplets generated
below the prefilmer through this mechanism tend to travel further away from
the prefilmer center line, reaching negative wall-normal velocities as reflected
in Figure 3.10. In any case, it must be again noted that this shift towards
negative wall-normal velocities may be biased by the fact that only 3 breakup
events could be simulated. Results for the ℎ𝑙 = 𝑓(𝑡, 𝑧) case seem more sta-
tistically representative as the film accumulation behind the prefilmer edge is
desynchronized spanwise, providing bag breakup both above and below the
prefilmer center line and resulting in a spray more uniformly spread in the
wall-normal direction. Finally, the differences among simulated cases in the
spanwise component distributions are not so relevant, being centered around
𝑤/𝑢𝑔 = 0 in both cases and slightly more deviated about this value in the
ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case.

It is interesting to analyze the correlation among droplet size and droplet
velocity. Figure 3.12 (left) shows the scattered information (focused on stream-
wise velocity) for all the detected droplets in both simulated cases. Results
show that in both simulated cases large droplets statistically possess a lower
streamwise velocity. Additionally, the dispersion in the velocity PDF is greater
the lower the drop size, as confirmed in the view of Figure 3.12 (right) where
it is seen that the mean velocities are noticeably shifter towards high values
as the droplet size decreases. These trends follow a non-linear fashion. As
already implied by Figure 3.10, the comparison among test cases highlights
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Figure 3.12: Scatter plot for the streamwise droplet velocity as a function of
the drop diameter for both simulated cases (left), and detail on the streamwise
droplet velocity PDFs corresponding to different drop size classes in the ℎ𝑙 ̸=
𝑓(𝑡, 𝑧) case (right).

the greater velocities achieved by the droplet cloud in the ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case
compared to the ℎ𝑙 = 𝑓(𝑡, 𝑧) case.

3.3 Conclusions
In this Chapter, results for an operating condition widely studied in the lit-
erature were discussed comparing two DNS simulations with different inflow
conditions: a DNS that only accounted for a constant (timewise and span-
wise) liquid film thickness at the domain inlet on the one hand; and the DNS
that took advantage of the full proposed methodology by accounting for the
oscillations in the liquid film thickness at the domain inlet on the other hand.
The inflow condition of both simulations accounted for gas turbulence.

Qualitative comparisons among the primary breakup simulations showed
important differences among simulation strategies. Even though the predicted
breakup mechanism sequence was the same in accordance with the momen-
tum flux ratio of the chosen operating condition (liquid accumulation behind
the prefilmer edge followed by bag formation, bag breakup, ligament forma-
tion and ligament breakup), the resulting ligament distribution and droplet
cloud were fairly different. Accounting for the liquid film evolution upstream
of the prefilmer edge resulted in the liquid reservoir formed behind its edge
being less uniformly distributed spanwise than it was for the constant liquid
film thickness case, as the film crests and valleys do not reach the reservoir
in a synchronized manner along the prefilmer span. This eventully results in
a less violent main bag breakup event when the film evolution upstream of
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the prefilmer edge is accounted for, inhibiting atomization to a certain extent
but producing breakup more continuously in time than for the constant liquid
film thickness case. Even though both simulation strategies lead to a sub-
stantially greater amount of droplets being generated by bag breakup than
by ligament breakup, the latter mechanism gains relative importance when
accounting for the liquid film evolution upstream of the prefilmer edge. Ad-
ditionally, ligaments predicted through this methodology have a statistically
larger equivalent diameter than the ones predicted when the film evolution is
not considered. This allowed the prediction of a clearly multimodal drop size
distribution in this case.

DNS ligament and droplet cloud processed data were quantitatively val-
idated against experimental results available in the literature. A reasonable
agreement was found in both simulated cases, with a noticeable improvement
in the predictions when accounting for the liquid film evolution upstream of
the prefilmer edge, despite not accounting for the absolute nature of the in-
terfacial instability produced at this location. The multi-modal feature of
the droplet size distribution exhibited by the experiments could only be re-
trieved when making use of the proposed methodology, as explained above.
The observed differences in the velocity distributions, splitted among veloc-
ity components, could be explained by the fact that the spray was differently
spread in the wall-normal direction in both cases. Accounting for the liquid
film evolution along the prefilmer surface resulted in a uniformly spread spray
within a relatively narrow cone. However, the constant liquid film thickness
case resulted in a wider spray due to the greater importance achieved by film
flapping in this case. In this simulation, the film behaves similarly at all span-
wise locations for a given breakup event, meaning that all the shaped bags get
punctured and breakup at the same stage of flapping, generating all droplets
at the same side of the prefilmer, thereby also conditioning their velocities. In
any case, the averaged and aggregated quantities considered in the analysis of
the constant liquid film thickness case might be biased by the fact that only
a few distinct breakup events were simulated and not accounting for a wide
range of variability of breakup events. This limitation is in fact attenuated if
the liquid film evolution along the prefilmer surface is accounted for.

Additionally to the commented shortcoming concerning the realizable sim-
ulated time, other limitations of the methodology must be highlighted. The
large amount of resources required for the calculations implied only a small
computational domain could be considered. This fact hindered the character-
ization of the ligament formation stage, as the experiments reported longer
ligaments than the ones possibly found in the simulations. Nevertheless, this
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limitation is acknowledged in most literature works achieving a similar res-
olution than the one here presented. Precisely the mesh resolution is an-
other limitation. Even though a proper turbulence reproduction was ensured
by comparison with the Kolmogorov length scale, achieving lower cell sizes
would have resulted in a better description of the liquid-gas interface, as a
large amount of droplets was found to have diameters in the order of twice
the cell size. Moreover, the artificial instability triggered by the prefilmer edge
is of absolute nature, implying said instability is also transmitted upstream
of the generating source. This phenomenon is not fully accounted for in the
proposed methodology, which splits the geometry in different computational
domains assuming one-way coupling among them. The upstream effect of this
instability is thus only accounted for in the limited part of the DNS domain
covering the prefilming surface.

Finally, it must be noted that the study is restricted to a given operat-
ing condition corresponding to the torn-sheet breakup regime, for which liquid
accumulation behind the prefilmer edge is significant and the breakup fre-
quency is partially decoupled from the film wave frequency. Conditions with
a higher gas-to-liquid momentum flux ratio, realizable in aero engines, lead
to the so-called membrane-sheet breakup, where the accumulation mechanism
loses importance in favor of a direct disintegration in ligaments and droplets
behind the prefilmer edge. In such circumstances the breakup frequency is
expected to be more closely coupled to the film wave frequency. This should
result in a more realistic description and more accurate predictions being ob-
tained by the methodology proposed in the present Chapter.





Chapter 4

Study of the influence of flow
properties on the primary
atomization process

In this Chapter, the eDNS concept described in Section 2.2 to account for gas
inflow turbulence with a constant liquid film thickness at the inlet is used to
perform a parametric study on the primary breakup process. The choice to
employ this approach instead of the novel approach proposed in Chapter 2
(whose results are analyzed in Chapter 3) with variable film thickness stems
from the fact that some of the operating conditions to be studied induce an
exceptionally thin film at some particular instants and local positions along
the prefilmer span corresponding to the DNS inlet. Under these circumstances,
using the mesh resolution described in Section 2.2.3.2, the low number of cells
locally describing the film at some instants induced unexpected dewetting
phenomena, contradicting the behaviour based on experimental observations.
This fact is attributed to a local lack of resolution in this region during some
time steps. Consequently, achieving a more refined simulation was imperative,
but unfortunately, as discussed in Section 2.2.3.2, further refinement was not
feasible within the scope of this thesis.

Four simulations were conducted analysing the effect of both the gas ve-
locity and the liquid properties (and their related relevant non-dimensional
groups) on the atomization phenomena. At least two atomization events were
simulated, as the first one was considered transient and was excluded from the
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Table 4.1: Unchanged parameters in the parametric study.

Description Parameter Value Units
Temperature 𝑇 298 K
Pressure 𝑃 1 atm
Gas density 𝜌𝑔 1.21 kg/m3

Gas dynamic viscosity 𝜇𝑔 1.82 × 10−5 Pa s
Liquid normalized volumetric flow rate 𝑉̇ /𝑏 50 mm2/s
Liquid velocity 𝑢𝑙 0.5 m/s

Table 4.2: Variable parameters of the operating conditions. Descriptions
of every parameter are not included for means of readability, but they were
reported in Table 2.1. Mean film height values ℎ̄𝑙 were rounded to the value
shown under parentheses to fit the coarsest mesh cell size.

Parameter OP#1 OP#2 OP#3 OP#4 Units
Label D70_Ug50 D70_Ug70 H20_Ug50 H20_Ug70 -
𝑢𝑔 50 70 50 70 m/s
Fuel Shellsol D70 H2O-Propanediol -
𝜌𝑙 770 1008 kg/m3

𝜇𝑙 0.00156 0.00606 Pa s
𝜎 0.0275 0.0466 kg/s2

ℎ̄𝑙 74.3 (80) 62.5 (60) 104.5 (100) 86.4 (80) µm
𝑅𝑒𝑔 13480 18870 13480 18870 -
𝑅𝑒𝑙 24.63 24.63 8.32 8.32 -
𝑊𝑒𝑙 8.62 12.75 6.36 10.03 -
𝑊𝑒ℎ 25.3 49.6 14.93 29.26 -
𝑊𝑒𝛿 151.48 282.97 89.39 166.99 -
𝑂ℎ 0.0224 0.0224 0.0583 0.0583 -
𝑀 15.71 30.8 12 23.53 -

analysis. It is worth noting that, while simulating a larger number of events
would allow for a more statistically robust analysis, nowadays it is unfeasible
to do it through DNS for every operating condition. The dimensions of the
domain in these simulations were presented in Table 2.3. The parameters that
remain unchanged in the parametric study are summarized in Table 4.1 while
the ones that change for each operating condition are shown in Table 4.2.

A qualitative analysis is carried out in Section 4.1, describing the atom-
ization mechanism and comparing the appearance between cases. Then, a
quantitative analysis of the ligament development and the generated droplet
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cloud is conducted in Section 4.2. Finally, Section 4.3 summarizes the main
findings of this study.

4.1 Qualitative analysis
Figure 4.1 shows a time sequence of one major breakup event for all the
operating conditions tested. Results show in all cases the expected breakup
mechanism and phenomenology for prefilming airblast atomizers described in
Section 1.2. An atomization event starts with liquid accumulation behind the
prefilmer edge. Once enough liquid is accumulated, it shapes the so-called
bags, which break up leading to fine droplets. At the same time, from bag
breakup, rims and ligaments are formed. As explained in Section 3.2.2 using
the reference condition, ligament breakup generates larger droplets compared
to those generated by bag breakup.

While all the operating conditions show the aforementioned breakup mech-
anism, it may be seen that OP#1 and OP#3 present more liquid accumula-
tion behind the prefilmer edge prior to a major breakup event. Thus, the
film importantly flaps before a violent breakup occurs due to puncturing of
the flapping film. This violent breakup results in the droplets not being uni-
formly produced in the wall-normal direction. In OP#2 and OP#4, however,
breakup starts with less liquid accumulation behind the prefilmer edge. In
these cases, the film does not flap so violently prior to breakup, resulting in a
more uniform spray cone and a scattering of the droplets. This is especially
noticeable in OP#2, with OP#4 appearance still exhibiting some flapping.
Later in the atomization process, they consistently display a greater quantity
of ligaments, albeit small in size, distributed more evenly along the Z-axis of
the domain. Furthermore, increased film wrinkling is exhibited at the end,
attributed to the higher 𝑅𝑒𝑔 and 𝑊𝑒𝑙 values. These observations may also
be justified through the momentum flux ratio 𝑀 as explained in Section 1.2.
Reminding the macroscopic behaviours of the Figure 1.3 and the threshold
values from Chaussonnet [15], OP#1 and OP#3 correspond to 𝑀 values be-
tween 4 and 20 (15.71 and 12 respectively) closer to the torn-sheet breakup
regime, while OP#2 and OP#4 have 𝑀 values higher than 20 (30.8 and 23.53
respectively) being related to the membrane-sheet breakup regime.

On the other hand, OP#2 led to the finest atomization, due to the com-
bined effect of achieving a greater gas velocity and reducing the liquid density,
viscosity and surface tension (i.e. the combination of high 𝑅𝑒𝑔 and high 𝑊𝑒𝑙

numbers). As a result, this condition exhibits the highest number and the
smallest size of the droplets. Conversely, the operating condition exhibiting a
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Figure 4.1: Time sequence of the DNS results for the operating conditions
tested. Liquid film and structures are depicted through an iso-surface of 𝛼 =
0.5. For each condition, the upper row represents a top view, whereas the
lower row represents a side view.
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poorer atomization is OP#3, as expected also in the view of the gas velocity
and liquid properties (i.e. the combination of low 𝑅𝑒𝑔 and low 𝑊𝑒𝑙 numbers).
This condition exhibits the thickest and longest ligaments at the end of the
atomization process, resulting in larger droplets compared to all other cases
as evidenced by its lower values of Weber numbers (𝑊𝑒𝑙, 𝑊𝑒ℎ and 𝑊𝑒𝛿) and
momentum flux ratio 𝑀 . In between, OP#1 seems to exhibit a finer atom-
ization than OP#4 despite its lower 𝑅𝑒𝑔 and 𝑊𝑒𝑙 number, which could be
explained by the different atomization regime induced by 𝑀 in both cases,
as the film flapping is more violent in OP#1. The quantitative analysis and
statistical treatment of the data should confirm this explanation.

4.2 Quantitative analysis
Different post-processing tools have been implemented and applied to the DNS
data to generate and analyse quantitative results. These tools, reported in
Section 2.2.3.4, allowed independently analysing the intact core with ligaments
and the separated droplet cloud for all the tested operating conditions.

4.2.1 Ligaments analysis

The parameters extracted from the 3D ligament analysis are global breakup
length 𝐿𝑏𝑢 and mean ligament tip velocity 𝑢𝑙𝑖𝑔. The mean breakup frequency
𝑓𝑏𝑢 value is calculated from Equation 2.33, requiring mean film deformation
speed 𝑢𝑑𝑒𝑓 (please note that these values differ from [118] because 𝑢𝑑𝑒𝑓 was
obtained there after the ligaments were removed from the intact core as in
Figure 2.15 Step 3). The length at which 90% of the ligaments break up 𝐿90
is computed from the 2D treatment, as it will be used in Chapter 5 for the
breakup model. All these results are reported together in Table 4.3 for every
operating condition.

Table 4.3: 3D ligament post-processing main results.

Parameter OP#1 OP#2 OP#3 OP#4 Units
𝐿𝑏𝑢 2.56 1.87 3.75 2.50 mm
𝑢𝑙𝑖𝑔 6.87 6.38 6.27 6.29 m/s
𝑢𝑑𝑒𝑓 7.11 8.34 11.16 8.89 m/s
𝑓𝑏𝑢 2.78 4.46 2.98 3.56 kHz
𝑓𝑚𝑎𝑖𝑛 630.0 724.6 414.1 632.9 Hz
𝐿90 3.25 2.76 5.50 3.72 mm
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An examination of the ligament properties across all operating conditions
reveals minimal differences between 𝑢𝑙𝑖𝑔 values. In terms of breakup length,
both 𝐿𝑏𝑢 and 𝐿90 follow a consistent trend: OP#2 exhibits the lowest val-
ues, OP#3 the highest, while OP#1 and OP#4 share closely intermediate
values. This order matches closely with the one revealed in previous Section
4.1, in which the level of atomization achieved ranges from finest to most in-
hibited. Considering 𝑓𝑚𝑎𝑖𝑛 values, they follow the opposite trend as expected.
In terms of 𝑢𝑑𝑒𝑓 , their values display uniformity among OP#2 and OP#4,
corresponding to the membrane-sheet breakup regime. For OP#1 and OP#3,
corresponding to the torn-sheet breakup regime, values are also close enough,
but somewhat altered by the film flapping in the atomization events pro-
cessed. Taking into account Warncke’s results [47] for OP#1 (𝑢𝑑𝑒𝑓 = 8.2 m/s),
the value obtained in the present investigation may be underpredicted as the
strong film flapping induced many negative values of 𝑢𝑑𝑒𝑓,𝑖 spanwise. On the
other hand, the value obtained for OP#3 may be overpredicted as there are

Figure 4.2: Probability density functions for the normalized streamwise ve-
locity component of the 3D ligaments.
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less negative velocity values caused by ligaments breaking off. In consequence,
the trend obtained with 𝑓𝑏𝑢 values is different than the one for 𝑓𝑚𝑎𝑖𝑛 values.

Next, comparisons between the probability density functions (pdf) for the
streamwise, wall-normal and spanwise components of the velocity (normalized
using 𝑢𝑔) in the tips of the ligaments after 3D postprocessing are discussed.
Every figure compares cases with the same mean gas velocity but different
liquids in the top part (OP#1 versus OP#3 left, OP#2 versus OP#4 right)
and cases with the same liquid but different mean gas velocities in the bottom
part (OP#1 versus OP#2 left, OP#3 versus OP#4 right).

Figure 4.2 corresponds to the normalized streamwise velocity component.
When comparing cases with the same mean gas velocity but different liquids
no big influence is observed: the liquid with higher 𝑅𝑒𝑙 and lower 𝑂ℎ (Shellsol
D70) show slightly higher normalized streamwise velocities at the tip of the
ligaments (also valid for absolute streamwise velocities as they were normalized
using the same value). However, there is a clear difference for cases with

Figure 4.3: Probability density functions for the normalized wall-normal ve-
locity component of the 3D ligaments.
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the same liquid: lower mean velocities imply substantially higher normalized
streamwise velocities, indicating higher momentum exchange between phases.

Figure 4.3 corresponds to the wall-normal velocity component. When com-
paring cases with the same lower mean gas velocity value, the liquid with
higher 𝑅𝑒𝑙, higher 𝑊𝑒 values and lower 𝑂ℎ (Shellsol D70) shows a huge bias
into positive wall-normal velocities at the tip of the ligaments. OP#3 is also
biased towards non-zero values but in a much more subtle way. As stated be-
fore, the accumulation of the film plays a more dominant role in the breakup
mechanism for operating conditions with lower 𝑀 values, triggering film flap-
ping as displayed in Figure 4.1. For cases with a higher mean gas velocity
value, pdfs are centered around the null value, OP#2 being slightly more cen-
tered than OP#4. For cases with the same liquid, higher mean gas velocity
tend to center the pdfs of the wall-normal velocities at the tip of the ligaments
towards 0, as the film flapping effect disappears.

Figure 4.4 corresponds to the spanwise velocity component. When com-
paring cases with the same mean gas velocity, there is a difference between

Figure 4.4: Probability density functions for the normalized spanwise velocity
component of the 3D ligaments.
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cases if this value is lower. Case OP#1 with higher 𝑅𝑒𝑙, higher 𝑊𝑒 values
and lower 𝑂ℎ shows a more centered pdf around the 0 spanwise velocity value
at the tip of the ligaments than and OP#3. Nevertheless, for a higher mean
gas velocity (cases OP#2 and OP#4) these differences dissappear. For cases
with the same liquid, higher mean gas velocities also tend to center the pdfs
around the null value.

4.2.2 Droplets analysis

At this point, it is interesting to compare the results of the droplet cloud among
the operating conditions to get a broader perspective on the behaviour of
the primary breakup process. Additionally, the probability density functions
obtained in this study constitute the basis for the proposed model in Chapter
5.

First, the distribution of droplets in the wall-normal direction is analysed.
Figure 4.5 displays the contour of the regions in the XY plane where it is more
probable to find a droplet during a given atomizing event, as it is considered
more illustrative than the sole wall-normal location pdf (reproduced anyway
in Figure 4.6 for illustrating purposes). The sampling of the droplets for the

Figure 4.5: Probable droplet location contour for the different operating con-
ditions tested.
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Figure 4.6: Droplet wall-normal location pdf comparisons: liquid influence for
a given gas velocity (top), gas velocity influence for a given liquid (bottom).

PDFs in the subsequent Figures presented in this Section covers the entire
domain.

Results show that the droplets are more concentrated around the prefilmer
wall-normal location in the high velocity cases (OP#2 and OP#4), shaping a
spray cone with a narrower angle. In these cases, the values of the parameter
𝑀 are higher, and the accumulation of the film plays a less dominant role in
the atomization mechanism, resulting in a smaller spray cone angle.

Conversely, in the low velocity cases (OP#1 and OP#3), the film (and
its detached ligaments) preferentially breaks up either above or below the
prefilmer in different instances due to film flapping, in accordance with the
observations made in Section 4.1. As a single atomization event has been
analyzed, there exists a bias in the droplet location along the Y-axis. This bias
would probably be less pronounced with a statistically large enough sample of
atomization events, which is not feasible with the DNS methodology employed.
However, the observations regarding the dispersion around the prefilmer and
the spray cone angle remain valid.
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Next, Figure 4.7 shows comparisons among droplet diameter 𝑑𝑉 pdfs to
analyse the liquid influence for a given gas velocity and the velocity influence
for a given liquid. In the first case, it can be seen that using Shellsol D70
as a liquid leads to a distribution with noticeably smaller droplets than the
ones generated with H2O-1,2-Propanediol, as it was qualitatively observed and
justified in Section 4.1. Increasing gas velocity for a given liquid also leads to
a finer atomization, even though the variation induced by the tested values
of gas velocity led to shorter variations in the pdfs than the ones observed
due to the differences in tested liquids. It is essential to remind from Section
3.2.2 and Figure 3.9 that, with the constant film thickness methodology, the
large amount of droplets produced by bag breakup with a lower size hides the
ligament breakup peak at a slightly higher size. This results in an apparent
single mode breakup, in contrast to the obvious multimodal droplet size pdf
observed in the variable film thickness methodology.

Last, the droplet velocity distributions are analysed, comparing the pdfs
observed for each velocity component. It is important to note that all velocity

Figure 4.7: Droplet size pdf comparisons: liquid influence for a given gas
velocity (top), gas velocity influence for a given liquid (bottom).
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components have been normalized with the gas bulk velocity of each operating
condition.

Figure 4.8 shows selected comparisons for the streamwise velocity compo-
nent 𝑢 of the droplets. It may be observed that using H2O-1,2-Propanediol
instead of Shellsol D70 leads to lower droplet velocities. The greater liquid
viscosity in the former seems to reduce the momentum exchanged with the
surrounding gas. Most importantly, the distribution seems to depart from a
normal distribution, showing a certain bias. While this observation could be
linked to the breakup mechanism, the distribution for OP#4 also presents this
shape. On the other hand, while increasing the gas velocity for a given liquid
also increases the absolute values of droplet streamwise velocity compared to
the low velocity cases, the distribution for the normalized values is slightly
shifted towards low normalized velocities. This suggests a loss in efficiency
transferring momentum to the liquid when the gas momentum is increased as
stated previously in the ligaments analysis (Section 4.2.1).

Figure 4.8: Droplet streamwise velocity pdf comparisons: liquid influence for
a given gas velocity (top), velocity influence for a given liquid (bottom). Ve-
locities are normalized with the gas bulk velocity for each operating condition.
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As far as the droplet normalized wall-normal velocities 𝑣 are concerned,
the comparisons among pdfs are shown in Figure 4.9. Results show a no-
ticeable influence of the liquid at low gas velocities (OP#1 and OP#3), with
high asymmetry in the distributions, although this observation is not repro-
duced at high gas velocities. The differences in the low velocity cases may be
attributed again to the violent film flapping observed in these conditions, scat-
tering droplets not uniformly above and below the prefilmer. As reported in
Section 4.1 and observed in Figure 4.10, the wall-normal velocity distributions
of droplets generated above the prefilmer were biased towards positive values,
whereas the ones for droplets generated below the prefilmer were biased to-
wards negative values (i.e. most droplets tending to depart from the prefilmer
in the wall-normal direction). Thus, generating more droplets either above or
below the prefilmer, also biases the wall-normal velocity pdf. In any case, the
comparisons from Figure 4.9 show that the influence of the gas velocity for
a given liquid is not so accused. Increasing the gas velocity leads to a more

Figure 4.9: Droplet wall-normal velocity pdf comparisons: liquid influence
for a given gas velocity (top), velocity influence for a given liquid (bottom).
Velocities are normalized with the gas bulk velocity for each operating condi-
tion.
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Figure 4.10: Wall-normal velocity pdf of the droplets generated above and
below the prefilmer for the reference condition (OP#1).

Figure 4.11: Droplet spanwise velocity pdf comparisons: liquid influence for a
given gas velocity (left), velocity influence for a given liquid (right). Velocities
are normalized with the gas bulk velocity for each operating condition.
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symmetrical distribution, with lower normalized velocities and less dispersion
around 0 in the distribution. However, it has been checked that the bias of the
distribution for droplets falling above or below the prefilmer is still present.

Finally, the comparisons among the normalized spanwise velocity 𝑤 pdfs
are shown in Figure 4.11. No substantial differences among liquids are found
in this case, as expected since droplets should be randomly scattered along the
Z axis. For a given liquid, increasing the gas velocity reduces the dispersion
of the distribution about the null velocities.

4.3 Conclusions
In this Chapter, the influence of several parameters on the primary breakup
process in prefilming airblast atomizers has been discussed through the com-
parison of four simulations with different operating conditions, which involve
the combination of two main gas velocities (50 m/s and 70 m/s) with two
distinct liquids (Shellsol D70 and H2O-Propanediol mixture), each character-
ized by unique thermophysical properties (i.e. liquid density, liquid viscosity,
surface tension) and relevant dimensionless numbers (Reynolds, Weber, Ohne-
sorge, momentum flux ratio).

The methodology used is eDNS (recall first approach in Section 2.2 and
Figure 2.5 left), where the air velocity introduced in the inflow boundary con-
dition is variable to account for gas turbulence, but liquid velocity and film
thickness are constant. This is due to the unexpected dewetting that ap-
peared in some operating conditions when using the proposed novel approach
with variable liquid velocity and film thickness combined with the cell sizes
described in Section 2.2.3.2 for the reference condition. In those conditions
implying the formation of a thinner liquid film above the prefilmer (i.e. at the
inlet of the DNS), additional refinement would be required.

The qualitative analysis revealed that the atomization process reproduced
a consistent pattern across different operating conditions, characterized by
the formation of bags, followed by rim and ligament generation. The extent
of liquid accumulation behind the prefilmer edge was found to influence the
violence of the film flapping (only a single atomization event is analyzed, as
currently a full statistical study through DNS is not feasible), impacting the
uniformity and distribution of droplet production specially in the wall-normal
direction. This behaviour was correlated with the momentum flux ratio 𝑀 :
lower velocity operating conditions (correponding to lower 𝑀 values) which fit
in the torn-sheet breakup regime produced more violent film flapping, opposite
to the higher velocity operating conditions (corresponding to higher 𝑀 values)
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which fit in the membrane-sheet breakup regime. This is in line with the results
found in the literature and the conclusions of the previous Chapter (Section
3.3).

Quantitative analysis, including ligaments and droplet properties, high-
lighted that atomization moved from a finer to a more inhibited state depend-
ing on 𝑀 , 𝑅𝑒, 𝑊𝑒 and 𝑂ℎ. The pattern infered from the qualitative analysis
is maintained for 𝐿𝑏𝑢 and 𝐿90 values, and is the opposite for the 𝑓𝑚𝑎𝑖𝑛 ones.
The results of the 𝑢𝑙𝑖𝑔 parameter are pretty close between operating condi-
tions, and the same occurs with 𝑢𝑑𝑒𝑓 for the membrane-sheet breakup regime
cases. In the torn-sheet breakup regime cases, that value is slightly altered
by the violent film flapping. As a result, 𝑓𝑏𝑢 is not consistent with the 𝑓𝑚𝑎𝑖𝑛

trend. Ligament parameters and droplet characteristics demonstrated the im-
pact of liquid properties, gas velocity and their interaction on the atomization
process. Notably, gas velocity played a crucial role in reducing the dispersion
of droplet velocities.

Further analysis of droplet properties revealed differences in droplet distri-
butions in the wall-normal, streamwise and spanwise directions. Liquid prop-
erties significantly affect wall-normal velocity distributions, particularly at low
gas velocities (lower 𝑅𝑒𝑔) and low 𝑀 values (torn-sheet breakup regime), caus-
ing asymmetry in the distributions due to the film flapping phenomenon. In
contrast, normalized spanwise velocity distributions showed limited variations
among liquids, with increased gas velocity reducing the dispersion around null
values of wall-normal droplet velocity.

These findings provide valuable insight into the behaviour of prefilming air-
blast atomizers under different conditions, which are crucial for understanding
and optimizing atomization processes in various applications. This analysis
also lays the foundation for the development of a comprehensive atomization
model discussed in Chapter 5, with potential applicability to both detailed
simulations and 0D studies of engine performance.



Chapter 5

Proposal for the integration
of the work developed in
Lagrangian LES simulations

Simulation of primary breakup through VOF-DNS in prefilming airblast at-
omizers allowed identifying the features of this process specific to this kind of
atomizers. The model proposed in the present Chapter links the gathered DNS
data from the previous study to spray boundary conditions in reactive flow
LES of spray flames, acting as a spray generator. Even though Lagrangian
simulations are the main application of the model, it is worth noting that
the model can also prove valuable in 0D studies and similar investigations.
To increase the physical significance and accuracy of such simulations, the
spray breakup model must consider this phenomenology, accounting for the
following features:

• Variable liquid mass flow rate. The discontinuous nature of the planar
prefilming airblast atomization for certain breakup mechanisms has been
observed in many studies of the literature, as well as in Section 4.1 of
the present thesis.

• Droplet size conditioned by droplet location, as a certain correlation
could be found among these variables.

87
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• Droplet velocity (in all components) conditioned by droplet size, as mo-
mentum exchange between gas and liquid is enhanced (i.e. droplets are
more accelerated) the lower the droplet size. In prefilming airblast at-
omizers, the liquid is deposited on the prefilmer at a low speed, the
gas being responsible for carrying it along together with its subsequent
droplets. Momentum exchange takes place whenever a liquid structure
is detached from the liquid film. In general, these structures are more
affected by the gas bulk velocity the lower the droplet size.

• Droplet wall-normal velocity conditioned by droplet location, as the pdf
of this magnitude for droplets generated above the prefilmer surface
is biased towards positive values, the opposite being true for droplets
falling below the prefilmer. This is due to the film flapping phenomenon
as a single atomization event was analyzed (further explanation was
given in Section 3.2).

In order to avoid extra degrees of freedom, it was decided for the model
to only generate droplets at a certain axial location X. This way individual
droplets do not need to be identified and tracked, avoiding numerical issues
when introducing the liquid mass flow rate and simplifying the process. A
detailed explanation about this matter will be given later in Section 5.2.2.

The algorithm to be used in the proposed spray generator according to
the primary breakup model is introduced in Section 5.1. Details on how the
primary breakup data obtained in Chapter 4 are treated to feed the algorithm
are given in Section 5.2, where the model coefficients are introduced. Next,
Section 5.3 shows the influence of the different operating conditions of Chapter
4 on the model coefficients. These coefficients are then in turn mathematically
parameterized as a function of the relevant dimensionless groups associated
to each operating condition. Finally, the main findings of this Chapter are
summarized in Section 5.4.

5.1 Particle injection proposal overview
Although the proposed spray breakup model has various potential applica-
tions, the use of the model as an injection module for spray flame LES la-
grangian simulations will be discussed hereinafter for illustrative purposes.
Figure 5.1 sketches the algorithm of the primary breakup model followed to
generate a droplet cloud.
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Figure 5.1: Overview of the algorithm followed by the proposed injection
model at each time step 𝑡 of a lagrangian simulation.

For each time step 𝑡 of a lagrangian simulation, a droplet count 𝑖 would
be initialized. Then, the proposed steps of the injection module loop (each of
them will be detailed in Section 5.2 for the reference condition) are as follows:

• Step 0. The liquid mass flow rate to be injected at the time step 𝑚̇𝑓𝑢𝑒𝑙,𝑡

will be read from the proposed model.

• Step 1. Next, the three coordinates of the 𝑖 droplet location will be
determined according to the breakup model. The axial location 𝑥𝑖 is
set to a fixed location, the wall-normal location 𝑦𝑖 is computed from the
breakup model parametrized pdf and the spanwise location 𝑧𝑖 is assigned
randomly.

• Step 2. Once the 𝑖 droplet location is generated, its diameter 𝑑𝑖 will
be computed according to the breakup model parametrized pdf, which
will condition droplet size with a certain dependence on the wall-normal
position of the droplet 𝑦𝑖.
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• Step 3. Then, the three components of its velocity will be computed
as established by the primary breakup model. In this case, the breakup
model conditions the streamwise velocity 𝑢𝑖 by the droplet diameter 𝑑𝑖

and the wall-normal velocity 𝑣𝑖 by the droplet location 𝑦𝑖 in order to
account for breakup phenomenology.

• Step 4. The injected mass flow rate from all droplets 𝑚̇𝑖 will be calcu-
lated from liquid density, droplet size and velocity. If the addition of the
injected mass flow rate from all initialized droplets is lower than desired
𝑚̇𝑓𝑢𝑒𝑙,𝑡, another droplet is generated increasing by one the droplet count
𝑖 and repeating this process from Step 1.

5.2 Data for breakup model derivation
For several magnitudes, generically denoted by 𝑋, the model will determine
their value for an individual droplet according to probability density functions
(pdf) of statistically processed data. Let us remind that the probability 𝑃
that the magnitude value lies among two limits 𝑎 and 𝑏 is given by the pdf
integration (also known as cumulative distribution function, cdf), according
to Equation 5.1:

𝑃 (𝑎 < 𝑋𝑖 ≤ 𝑏) = 𝑐𝑑𝑓(𝑏) − 𝑐𝑑𝑓(𝑎) =
∫︁ 𝑏

𝑎
𝑝𝑑𝑓(𝑋)𝑑𝑋 (5.1)

with the convenient property that the integration among −∞ and ∞ is equal
to 1. Hence, for all these 𝑋 magnitudes, the model assigns the droplet property
value as follows: whenever a property value must be determined according to
a pdf, a random number between 0 and 1 is generated. The property value
whose cdf matches the generated random number is then assigned to the
droplet. This way, the generated values reflect the gathered DNS statistics.
Since this is performed for all generated droplets, breakup phenomenology is
recovered in a lagrangian simulation.

5.2.1 Step 0: Generation of the liquid mass flow rate temporal
evolution

VOF-DNS predictions of the primary breakup in prefilming atomizers show,
in agreement with the experimental data, that distinct atomization events
take place. As a consequence, the introduction of atomized liquid into the
combustion chamber does not take place at a continuous rate. Figure 5.2
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Figure 5.2: Temporal evolution of the atomized liquid mass flow rate post-
processed in OP#1, including the depiction of distinct atomization events.

shows the temporal evolution of the atomized liquid mass flow rate for the
OP#1, illustrating this fact.

As stated before, it is then essential for the phenomenological model to
provide a variable mass flow rate signal rather than letting the proposed spray
generator provide a constant mass flow rate at all times. Generally, lagrangian
simulations will require a greater amount of simulated time to perform reacting
flow predictions. Hence, one should be able to extend the VOF-DNS signal in
the time domain.

To this end, the Fast Fourier Transform (FFT) of the DNS signal was per-
formed, accepting that the normalized liquid mass flow rate can be expressed
according to Equation 5.2:

𝑚̇𝑛𝑜𝑟𝑚(𝑡) = 𝑚̇𝑓𝑢𝑒𝑙(𝑡)
¯̇𝑚𝑓𝑢𝑒𝑙

=
𝑁∑︁

𝑛=1
𝐴𝑛 · 𝑐𝑜𝑠(2𝜋 · 𝑓𝑛 · 𝑡 + 𝜃𝑛) (5.2)

where 𝐴𝑛 and 𝜃𝑛 are the amplitude and phase of the 𝑓𝑛 frequencies, respec-
tively; whereas 𝑁 is the number of terms considered in the series.

The FFT of 𝑚̇𝑛𝑜𝑟𝑚(𝑡) was truncated at 15 terms, whose most relevant
frequencies, amplitudes and phases are shown in Table 5.1. These terms were
enough to capture the relevant features of the signal, as it will be shown later.
It may be seen that most relevant frequencies for the reference condition are
harmonics of the first non-zero frequency 𝑓2 u 210 Hz, which corresponds to
a period 𝑇2 u 4.762 ms among two main atomizing events. The most relevant
frequency is 𝑓4 u 630 Hz, which coincides with 𝑓𝑚𝑎𝑖𝑛 in the reference operating
condition (Table 4.3).
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Table 5.1: Fourier Transform features of the 15 most relevant terms of the
OP#1 normalized atomized mass flow rate signal.

n 𝑓𝑛 [Hz] 𝐴𝑛 [-] 𝜃𝑛 [rad]
1 0 1.0000 0
2 209.996 0.1030 0.0891
3 419.992 0.1199 −1.4460
4 629.987 0.3165 1.1144
5 839.983 0.1820 1.7173
6 1049.979 0.0862 −0.0552
7 1259.975 0.1564 2.0909
8 1469.971 0.0607 2.7187
9 1679.966 0.0838 0.9921

10 1889.962 0.0305 1.8044
11 2099.958 0.0334 −0.9638
12 2729.945 0.0508 1.2770
13 3149.937 0.0394 0.5680
14 3359.933 0.0517 2.2500
15 4409.912 0.0340 1.2738

In order to extend the signal to any desired period of time without in-
troducing undesired periodic features, a randomizing feature has been imple-
mented. The strategy consists in letting the values of the main frequencies
(and their corresponding amplitudes) evolve in time as per Equation 5.3:

𝑚̇𝑛𝑜𝑟𝑚(𝑡) = 𝑚̇𝑓𝑢𝑒𝑙(𝑡)
¯̇𝑚𝑓𝑢𝑒𝑙

=
𝑁∑︁

𝑛=1
𝐴𝑛(𝑡) · 𝑐𝑜𝑠[2𝜋 · 𝑓𝑛(𝑡) · 𝑡 + 𝜃𝑛] (5.3)

where the variable 𝐴𝑛(𝑡) and 𝑓𝑛(𝑡) amplitudes and frequencies are obtained ac-
cording to normal distributions using the frequencies (and amplitudes) shown
in Table 5.1 as mean values and assigning them a certain standard deviation
as a percentage of the mean values given by the 𝑘𝐴 and 𝑘𝑓 parameters:

𝜇𝑛,𝐴 = 𝐴𝑛 and 𝜎𝑛,𝐴 = 𝑘𝐴 · 𝜇𝑛,𝐴 (5.4)

𝜇𝑛,𝑓 = 𝑓𝑛 and 𝜎𝑛,𝑓 = 𝑘𝑓 · 𝜇𝑛,𝑓 (5.5)

Values of 𝐴𝑛(𝑡) and 𝑓𝑛(𝑡) are obtained for different time instants separated
by a period 1.2 times higher than the period among atomizing events. This
choice has proven effective in capturing and extending over time a trend similar
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to that observed in the DNS processing, as demonstrated below. Their values
at intermediate instants are then obtained by cubic interpolation among cal-
culated instants. Values of 𝑘𝐴 = 0.01 and 𝑘𝑓 = 0.025 were found to generate
reasonable time evolutions for 𝑚̇𝑛𝑜𝑟𝑚(𝑡), respecting airblast atomizer breakup
phenomenology. An example of this generation for an extended time interval
is shown in Figure 5.3. It may be seen that the strategy to generate extended
signals with a randomized component still respects the average period among
main atomizing events.

Figure 5.3: Temporal evolution of the normalized mass flow rate signal ac-
cording to OP#1 data (black), FFT reconstruction of this signal extended for
a larger time period (red) and randomized signal respecting the FFT main fea-
tures (blue).

To sum up, the liquid mass flow rate to be injected by the spray generator
at a given time instant is then given by Equation 5.6:

𝑚̇𝑓𝑢𝑒𝑙,𝑡 = 𝑚̇𝑛𝑜𝑟𝑚,𝑡 · ¯̇𝑚𝑓𝑢𝑒𝑙 (5.6)

where 𝑚̇𝑛𝑜𝑟𝑚,𝑡 is obtained from Equation 5.3 with the mean features synthe-
sized in Table 5.1, and ¯̇𝑚𝑓𝑢𝑒𝑙 is the mean fuel mass flow rate prescribed.

This process has been illustrated with OP#1 (i.e. reference condition)
DNS data as many atomizing events were simulated. However, due to the
limited computational resources, only a single atomizing event (other than the
transient) could be simulated for the remaining operating conditions (OP#2
to OP#4). For this reason, a main frequency among atomizing events is used
instead. This frequency 𝑓𝑚𝑎𝑖𝑛 was gathered from the period of time among
the transient and the processed events. It was reported in Table 4.2, but it is
displayed again in Table 5.2 for illustrating purposes.
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Table 5.2: General primary breakup magnitudes obtained.

Parameter OP#1 OP#2 OP#3 OP#4 Units
𝑓𝑚𝑎𝑖𝑛 630.0 724.6 414.1 632.9 Hz

5.2.2 Step 1: Droplet location determination

At this step of the injection module algorithm, the three coordinates cor-
responding to the position of each individual droplet (𝑥𝑖, 𝑦𝑖, 𝑧𝑖) must be
determined respecting the primary breakup phenomenology observed in the
VOF-DNS.

The DNS droplet post-processing strategy identifies individual droplets at
each time step, but it does not track them along time steps. This is one major
reason to focus on the droplets trespassing a given YZ plane: if several planes
(or a whole volume) were considered, information about which droplets are
carried among planes and which ones are newly generated is lost, potentially
conditioning sizes and velocities erroneously. Therefore, it was decided to
inject droplets at a given YZ plane (i.e. at a single axial location X from the
prefilmer edge). In the frame of the ESTiMatE project (mentioned in Section
1.1), this premise was backed by the partners responsible of carrying out
reactive lagrangian simulations using the proposed spray generator. Droplets
were assumed to be spherical as they are meant to be injected in a Lagrangian
framework.

A sensitivity study was carried out processing the OP#1 DNS data (lo-
cation, size and velocity components) of droplets crossing YZ planes at the
𝐿90 = 3.25 mm distance from the prefilmer edge (recall Section 4.2.1) and fur-
ther locations separated 0.5 mm among each other. This distance was chosen
as most of the ligaments have disintegrated, so the remaining liquid struc-
tures are mainly spherical. Results of this analysis (Figure 5.4) show that
droplet size (top-left), wall-normal velocities (bottom-left) and spanwise veloc-
ities (bottom-right) were not importantly modified among processing planes.
Only the streamwise velocity pdfs (top-right) were significantly shifted to-
wards greater values as the processing plane moved away from the prefilmer
edge. This is reasonable due to the individually formed droplets exchanging
momentum with the surrounding faster gas. In the context of a CFD simula-
tion, the injected droplets would evolve in such a way, exchanging momentum
with the gas as they move through the combustion chamber. With all, it was
concluded that 𝐿90 can be considered representative of the primary breakup
process and all droplets can be produced by the injection module at 𝑥𝑖 = 𝐿90.
It should be noted that, as a result from this analysis, VOF-DNS droplet data
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Figure 5.4: Sensitivity study of droplets crossing YZ planes at different dis-
tances from the prefilmer edge for the reference condition (OP#1). Pdfs show
droplet size (top-left), streamwise velocities (top-right), wall-normal veloci-
ties (bottom-left) and spanwise velocities (bottom-right) respectively.

used to generate the primary breakup model was then exclusively sampled at
the YZ plane corresponding location, not the whole domain as in previous
Chapters 3 and 4.

As far as the wall-normal location 𝑦𝑖 is concerned, droplet data were fit-
ted to a Weibull distribution pdf as given by Equation 5.7, where 𝛼, 𝛽 and
𝛾 are the shape, scale and threshold parameters of the Weibull distribution,
respectively, whereas the subindex 𝑦 refers to the 𝑦𝑖 location pdf (please note
that values of 𝑦 are expressed in mm, 𝑦 = 0 referring to the prefilmer center).
A p-value greater than 0.05 ensured data could be significantly explained by
this distribution with a 95% confidence interval. Upon droplet generation, the
spray generator assigns the droplet wall-normal location 𝑦𝑖 according to this
pdf and the involved cdfs. The OP#1 processed droplet data for the chosen
axial location and the resulting pdf are depicted in Figure 5.5. As stated in
Section 4.2.2, a bias towards the negative side (bottom part of the domain
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respect to the prefilmer) can be observed, although this does not always occur
for the rest of the operating conditions. The choice of the Weibull distri-
bution is convenient as it can represent both symmetrical and asymmetrical
distributions depending on the fitting of its parameters.

𝑝𝑑𝑓(𝑦) = 𝛼𝑦

𝛽
𝛼𝑦
𝑦

(𝑦 − 𝛾𝑦)𝛼𝑦−1 · 𝑒
−( 𝑦−𝛾𝑦

𝛽
𝛼𝑦
𝑦

)𝛼𝑦

(5.7)

Figure 5.5: Droplet location pdf and Weibull fit for the reference condition
(OP#1).

Last, it was checked from VOF-DNS data that droplets were randomly
scattered spanwise. Hence, the spanwise location 𝑧𝑖 is randomly assigned to
each droplet.

In summary, values of the droplet location parameters and coefficients are
compiled in Table 5.3 for all the operating conditions tested.

Table 5.3: Summary of the breakup model droplet location coefficients (Step
1) for each operating condition.

Parameter Coefficient OP#1 OP#2 OP#3 OP#4
𝑥𝑖 𝐿90 0.003 25 0.002 76 0.0055 0.003 72

𝑦𝑖

𝛼𝑦 1.7364 2.6800 1.4695 3.6664
𝛽𝑦 2.0998 2.1742 2.4697 3.6541
𝛾𝑦 −2.6930 −1.9161 −2.7068 −3.3954

𝑧𝑖 - - - - -
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5.2.3 Step 2: Droplet size determination

Droplet size is prescribed according to a size pdf gathered at the previously
fixed axial location. Since information about the droplet wall-normal location
𝑦𝑖 is already available from the previous Step (Section 5.2.2), the droplet
diameter 𝑑𝑖 pdf will be conditioned by this location. To do so, the droplet size
pdf must be expressed as a function of two variables (𝑑𝑖 and 𝑦𝑖) rather than
a single variable (𝑑𝑖). To this end, specific droplet size pdfs were obtained for
different 𝑦 intervals. In order to avoid biasing data for drop size determination
towards the 𝑦 locations were more droplets were found in Step 1, these 𝑦
intervals were not uniformly scattered among the DNS domain range (-3 to
3 mm). Intervals were rather chosen so that each of them represents the
same cumulative number of droplets (i.e. cumulative density function, cdf,
integration of the corresponding pdf). For each 𝑦 interval, data were fitted to
a lognormal distribution pdf of two parameters (𝜇 and 𝜎, with the subindex
𝑑 referring to the 𝑑𝑖 droplet size). A statistical fit was applied to the values
of the 𝜇𝑑 and 𝜎𝑑 parameters of these y-specific pdfs in order to express both
of them as a function of 𝑦, taking the central point of each interval as the
representative point for the fitting and resulting in Equations 5.8 to 5.12:

𝑝𝑑𝑓(𝑑, 𝑦) = 1
𝑑 𝜎𝑙𝑜𝑔𝑠𝑐𝑎𝑙𝑒(𝑦)

√
2𝜋

· 𝑒
−

[ln 𝑑−𝜇𝑙𝑜𝑔𝑠𝑐𝑎𝑙𝑒(𝑦)]2

2 [𝜎𝑙𝑜𝑔𝑠𝑐𝑎𝑙𝑒(𝑦)]2 (5.8)

where:
𝜇𝑙𝑜𝑔𝑠𝑐𝑎𝑙𝑒(𝑦) = ln

(︃
[𝜇𝑑(𝑦)]2√︀

[𝜇𝑑(𝑦)]2 + [𝜎𝑑(𝑦)]2

)︃
(5.9)

𝜎𝑙𝑜𝑔𝑠𝑐𝑎𝑙𝑒(𝑦) =
√︃

ln
(︂

1 + [𝜎𝑑(𝑦)]2
[𝜇𝑑(𝑦)]2

)︂
(5.10)

𝜇𝑑(𝑦) = 𝜇𝑑2 · 𝑦2 + 𝜇𝑑1 · 𝑦 + 𝜇𝑑0 (5.11)

𝜎𝑑(𝑦) = 𝜎𝑑1 · 𝑦 + 𝜎𝑑0 (5.12)

Values of the fitted lognormal distribution parameters are compiled for
all tested operating conditions in Table 5.4 (please note that values of 𝑑 are
expressed in µm; values of 𝑦 are expressed in mm, 𝑦 = 0 referring to the
prefilmer center). The resulting 2-variable size-location pdf obtained for the
reference condition is depicted in Figure 5.6 for illustrating purposes.
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Figure 5.6: 2-variable droplet size-location pdf (left) and slices for several
sample 𝑦 locations (right) increasing 𝑦 from dark (𝑦 = −3 mm) to bright
(𝑦 = 3 mm) for OP#1.

Table 5.4: Summary of the breakup model droplet size coefficients (Step 2)
for each operating condition.

Parameter Coefficient OP#1 OP#2 OP#3 OP#4

𝑑𝑖

𝜇𝑑0 32.583 29.951 40.191 36.163
𝜇𝑑1 0.7713 −0.1779 −0.9279 −0.0645
𝜇𝑑2 0.2485 −0.2497 −0.8084 −0.1363
𝜎𝑑0 11.968 8.990 15.886 14.703
𝜎𝑑1 0.6356 −0.2451 −0.3412 0.1847

5.2.4 Step 3: Droplet velocity determination

Droplet velocity (𝑢𝑖,𝑣𝑖,𝑤𝑖) is prescribed according to the pdf for each velocity
component gathered at the previously fixed axial location. Since information
about the droplet size is already available from the previous Step (Section
5.2.3) and the size and velocities have shown to be strongly correlated, the
pdf for each velocity component will be conditioned by droplet diameter. Anal-
ogously to what was explained in Step 2, the pdf for each velocity component
was then expressed as a function of two variables (the velocity component and
droplet size). To this end, specific velocity component pdfs were obtained for
different 𝑑𝑣 intervals. The parameters of each pdf could then be expressed as
a function of 𝑑𝑣. It is important to note again that, in order to avoid biasing
data for drop velocity determination in Step 3 towards the sizes were more
droplets were found in Step 2, these 𝑑𝑣 intervals were not uniformly scattered
among the droplet size range. Intervals were rather chosen so that each of
them represents the same cumulative number of droplets.
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All velocity components were normalized by the mean gas velocity accord-
ing to Equation 5.13.

𝑢𝑛𝑜𝑟𝑚 = 𝑢/𝑢𝑔 𝑣𝑛𝑜𝑟𝑚 = 𝑣/𝑣𝑔 𝑤𝑛𝑜𝑟𝑚 = 𝑤/𝑤𝑔 (5.13)

Starting with the normalized streamwise droplet velocity component
𝑢𝑛𝑜𝑟𝑚, DNS data were found to properly fit to a Weibull distribution ac-
cording to Equation 5.14:

𝑝𝑑𝑓(𝑢𝑛𝑜𝑟𝑚, 𝑑) = 𝛼𝑢(𝑑)
𝛽𝑢(𝑑)𝛼𝑢(𝑑) · (𝑢𝑛𝑜𝑟𝑚 − 𝛾𝑢)𝛼𝑢(𝑑)−1 · 𝑒

−( 𝑢𝑛𝑜𝑟𝑚−𝛾𝑢

𝛽𝑢(𝑑)𝛼𝑢(𝑑) )𝛼𝑢(𝑑)

(5.14)

where:
𝛼𝑢(𝑑) = 𝛼𝑢0 · 𝑑𝛼𝑢𝑒𝑥𝑝 and 𝛽𝑢(𝑑) = 𝛽𝑢0 · 𝑑𝛽𝑢𝑒𝑥𝑝 (5.15)

Values of the fitted Weibull distribution parameters are compiled for all
tested operating conditions in Table 5.5. The resulting 2-variable velocity-size
pdf obtained for the reference condition is depicted in Figure 5.7 (left) for
illustrating purposes. This velocity-size pdf then represents a succession of
velocity pdfs for all 𝑑𝑖 sizes, and allows conditioning the droplet streamwise
velocity 𝑢𝑖 of a specific droplet by its diameter 𝑑𝑖 obtained in Step 2. To ex-
emplify this, Figure 5.7 (right) shows the pdfs extracted in OP#1 for different
values of 𝑑𝑖.

Figure 5.7: 2-variable droplet normalized streamwise velocity-size pdf (left)
and slices for several sample 𝑑 diameters (right) increasing 𝑑 from dark (𝑑 =
20 µm) to bright (𝑑 = 80 µm) for OP#1.

As far as the normalized wall-normal droplet velocity component 𝑣𝑛𝑜𝑟𝑚

is concerned, DNS data were fitted to a logistic distribution according to
Equation 5.16, with 𝑞 =

√
3/𝜋. It must be noted that the parameters of the
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logistic distribution are different depending on whether the injected droplet
has fallen above or below the prefilmer. This feature also conditions the
droplet wall-normal velocity 𝑣𝑖 by droplet location 𝑦𝑖 in order to account for
airblast atomization phenomenology as seen previously in Figure 4.10.

𝑝𝑑𝑓(𝑣𝑛𝑜𝑟𝑚, 𝑑) = 1
𝑞 𝜎𝑣(𝑑) · 𝑒

−
[︀

𝑣𝑛𝑜𝑟𝑚−𝜇𝑣(𝑑)
𝑞 𝜎𝑣(𝑑)

]︀
{︂

1 + 𝑒
−
[︀

𝑣𝑛𝑜𝑟𝑚−𝜇𝑣(𝑑)
𝑞 𝜎𝑣(𝑑)

]︀}︂2 (5.16)

where:

𝜇𝑣(𝑑) =
{︃

𝜇𝑣0𝑏𝑜𝑡

𝜇𝑣0𝑡𝑜𝑝
and 𝜎𝑣(𝑑) =

{︃
𝜎𝑣0𝑏𝑜𝑡 · 𝑒𝜎𝑣𝑒𝑥𝑝𝑏𝑜𝑡·𝑑 if 𝑦𝑖 ≤ 0
𝜎𝑣0𝑡𝑜𝑝 · 𝑒𝜎𝑣𝑒𝑥𝑝𝑡𝑜𝑝·𝑑 if 𝑦𝑖 > 0 (5.17)

Values of the fitted logistic distribution parameters are compiled in Table
5.5. The resulting 2-variable velocity-size pdfs above and below the prefilmer

Figure 5.8: 2-variable droplet normalized wall-normal velocity-size pdfs (left)
and slices for several sample 𝑑 diameters (right) increasing 𝑑 from dark
(𝑑 = 20 µm) to bright (𝑑 = 80 µm) for OP#1. The top and bottom im-
ages represent both parts of the domain (above 𝑦 > 0 and below 𝑦 ≤ 0 the
prefilmer) respectively.
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respectively are depicted in Figure 5.8 (left). These velocity-size pdfs then
represent a succession of velocity pdfs for all 𝑑𝑖 sizes, and allows conditioning
the wall-normal velocity 𝑣𝑖 of a specific droplet by its diameter 𝑑𝑖 obtained in
Step 2 and its wall-normal location 𝑦𝑖 obtained in Step 1. Figure 5.8 (right)
shows the extracted pdfs for different values of 𝑑𝑖.

Last, in the case of the normalized spanwise droplet velocity component
𝑤𝑛𝑜𝑟𝑚, DNS data were fitted to a Laplace distribution according to Equation
5.18. The value of 𝜇𝑤 was so small that, given the simmetry of the problem
and the inherent randomness along the Z-axis, a pragmatic choice was made
to set 𝜇𝑤 = 0. The parameter 𝜆𝑤(𝑑) is given by Equation 5.19.

𝑝𝑑𝑓(𝑤𝑛𝑜𝑟𝑚, 𝑑) = 𝜆𝑤(𝑑)
2 · 𝑒−𝜆𝑤(𝑑)|𝑤𝑛𝑜𝑟𝑚−𝜇𝑤| (5.18)

𝜆𝑤(𝑑) = 𝜆𝑤0 · 𝑑𝜆𝑤𝑒𝑥𝑝 (5.19)

Values of the fitted Laplace distribution parameters are compiled for all
tested operating conditions in Table 5.5. The resulting 2-variable velocity-
size pdf obtained for the reference condition is depicted in Figure 5.9 (left)
for illustrating purposes. This velocity-size pdf then represents a succession
of velocity pdfs for all 𝑑𝑖 sizes, and allows conditioning the droplet spanwise
velocity 𝑤𝑖 of a specific droplet by its diameter 𝑑𝑖 obtained in Step 2. Figure
5.9 (right) shows the extracted pdfs for different values of 𝑑𝑖. As it can be
seen, the effect of the droplet size on spanwise velocity component is almost
negligible. Hence, in a simplified version of the model a single-variable pdf
could be used.

Figure 5.9: 2-variable droplet normalized spanwise velocity-size pdf (left) and
slices for several sample 𝑑 diameters (right) increasing 𝑑 from dark (𝑑 =
20 µm) to bright (𝑑 = 80 µm) for OP#1.
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Table 5.5: Summary of the breakup model droplet velocity coefficients (Step
3) for each operating condition.

Parameter Coefficient OP#1 OP#2 OP#3 OP#4

𝑢𝑛𝑜𝑟𝑚,𝑖

𝛼𝑢0 3.4575 6.6530 6.8717 4.0444
𝛼𝑢𝑒𝑥𝑝 −0.004 58 −0.239 −0.268 −0.0968
𝛽𝑢0 5.7078 3.2199 4.4667 4.1347

𝛽𝑢𝑒𝑥𝑝 −0.858 −0.750 −0.846 −0.815
𝛾𝑢 0.0620 0.0528 0.0887 0.0493

𝑣𝑛𝑜𝑟𝑚,𝑖

𝜇𝑣0𝑏𝑜𝑡 −0.042 26 −0.031 04 −0.027 72 −0.039 42
𝜎𝑣0𝑏𝑜𝑡 0.1109 0.0632 0.1714 0.0798

𝜎𝑣𝑒𝑥𝑝𝑏𝑜𝑡 −0.0129 −0.0070 −0.0113 −0.0110
𝜇𝑣0𝑡𝑜𝑝 0.064 57 0.026 76 0.079 15 0.017 47
𝜎𝑣0𝑡𝑜𝑝 0.1033 0.0692 0.0892 0.0496

𝜎𝑣𝑒𝑥𝑝𝑡𝑜𝑝 −0.0108 −0.008 37 −0.008 33 −0.006 10

𝑤𝑛𝑜𝑟𝑚,𝑖
𝜆𝑤0 11.666 8.8526 5.3925 4.7227

𝜆𝑤𝑒𝑥𝑝 0.1448 0.3401 0.3780 0.5408

5.3 Spray breakup model parametrization
The variations among operating conditions in the conditioned pdfs coefficients
shown in Table 5.5 were tried to be related to the variations in the functioning
parameters of each operating condition, gathered in Table 5.6. The dimen-
sionless groups known to be relevant in primary atomization were selected,
prioritizing those that yielded a larger 𝑅2 coefficient in the correlations. This
coefficient is also reported for each fitting so that its quality can be assessed.

The value of ℎ𝑙 obtained for each operating condition was modelled in
turn through these functional parameters, as it is also a parameter that may
explain the variability between OPs in some results. On the other hand, main
frequency 𝑓𝑚𝑎𝑖𝑛 depends directly on 𝑀 and the square root of 𝑊𝑒𝑙.

Regarding droplet position, the streamwise coordinate parameter 𝐿90 was
correlated with the momentum flux ratio 𝑀 and with the tradidional We-
ber number 𝑊𝑒𝑙, while the spanwise coordinate parameter was randomized
because of the symmetry in the domain. The wall-normal coordinate param-
eters 𝛼𝑦 and 𝛽𝑦 (shape and scale of the Weibull distribution) could be linked
to gas velocity through and breakup regime (through 𝑅𝑒𝑔 and 𝑀), but the
𝛾𝑦 location threshold provided better a fitting with Weber numbers 𝑊𝑒ℎ and
𝑊𝑒𝑙.
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Concerning droplet size, all parameters scaled with 𝜌𝑙, which is not a
dimensionless parameter per se. This implies that, irrespective of the dimen-
sionless groups, the liquid density plays a significant role in the droplet size
distribution. For the calculation of the mean droplet size, 𝑊𝑒𝑙 and 𝑊𝑒𝑑 were
required, but for the standard deviation only 𝑊𝑒𝛿 was found to be necessary.
The non-linearity of the mean with the conditions could be related to 𝑅𝑒𝑔.

In relation to normalized droplet velocities, every component is analyzed
individually. The mean liquid film height ℎ𝑙 was found to influence all param-
eters for the streamwise velocity distribution. The shape and scale parameters
of the Weibull distribution selected could be related to Weber numbers 𝑊𝑒ℎ

and 𝑊𝑒𝛿, showing that the atomizing edge thickness affected both of them
linearly, but the scale one is affected exponentially. The exponential part of
the shape parameter depends on the boundary layer thickness. The remaining
location parameter was also modelled with 𝑅𝑒𝑙. Each of the Logistic distri-
butions used for the wall-normal velocity has two parameters each, namely
mean and scale (proportional to the standard deviation), both of them found
to be linearly correlated with ℎ𝑙. The dimensionless number 𝑊𝑒𝛿 also had
an influence on them, linear for the mean parameter but exponential for the
standard deviation. Moreover, liquid density 𝜌𝑙 was found not only to be
key for the standard deviation parameter of this distribution (in both linear
and exponential manners), but also for the scale parameter of the spanwise
velocity distribution. This one could also be linearly related to the atomiz-
ing edge thickness (through 𝑊𝑒ℎ) and exponentially related to the breakup
regime (through 𝑀).

It is also important to acknowledge some limitations of the proposed model.
The main drawback is that only 4 conditions could be used to derive the
model, not constituting a large database to completely cover the two different
atomization regimes identified in the performed simulations. The validity of
the proposed model is thus not known beyond its range of determination.
Furthermore, while most correlations present values of 𝑅2 close to 1, a few
values are below 0.8. Most pdf coefficients with lower 𝑅2 values involved a
non-linear function in order to achieve pdf conditioning, so even if the value
of the correlation was perfect, the model still would not describe relevant
non-linear or crossed effects.

5.4 Conclusions
The workflow to develop an injection model has been proposed, considering
the complexities of airblast atomization. This methodology incorporates a
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variable mass flow rate, conditions the size distribution of injected droplets on
their wall-normal location, and determines the velocity distribution of droplets
based on that size. The injection has been chosen to occur at a single axial
location, although this condition could be relieved at the expense of increas-
ing the complexity of the model. However, this change in the model could
induce numerical instabilities when using it as a boundary condition for CFD
simulations.

The spray generator links the features of the atomized droplet cloud, such
as drop size and velocity to the functional parameters related to different oper-
ating conditions, including gas and liquid properties. This link was established
by correlating the expressions of the droplet pdfs to relevant dimensionless
groups known to influence primary atomization (namely 𝑅𝑒𝑔, 𝑅𝑒𝑙, 𝑊𝑒𝑙, 𝑊𝑒ℎ,
𝑊𝑒𝛿, 𝑀) or to the liquid film thickness (ℎ𝑙) and liquid density. If the tested
OPs had included pressurized conditions, this would have been replaced by
the liquid-gas density ratio.

The proposed model is characterized by its ease of implementation and has
been tested by other partners within the ESTiMatE project. The behaviour of
the spray generator when used to inject lagrangian particles in reacting LES
of spray flames for the reference condition has been assessed by García et al.
[119], ensuring the proper reproduction of the droplet cloud determined in the
specific primary breakup high-fidelity simulations.

The limitations of the model were also analysed, having into account that
only 4 operating conditions were used to derive the proposed model so the va-
lidity is uncertain outside its range of determination. However the presented
workflow demonstrates that it is possible to derive a complete primary breakup
model from specific high-fidelity simulations following the proposed method-
ology. Hence, the application of the procedure developed to further operating
conditions should allow a larger dataset to derive a universal primary breakup
model or, at least, to identify different submodels for each atomization regime
relevant to prefilming airblast atomizers.





Chapter 6

Conclusions and future works

This chapter summarizes the main findings of the dissertation, emphasizing
their potential to inspire additional analysis and future research.

6.1 Conclusions
This work contributes to the understanding of primary atomization in air-
blast atomizers through a comprehensive investigation encompassing method-
ology, boundary conditions, parametric analysis and the development of a
phenomenological model. The findings are expected to provide valuable in-
sight for optimizing atomizer design and enhancing atomization efficiency
across a range of engineering applications, specially in the context of aero
engines. Moreover, the development of the spray generator tool serves as a
bridge between the obtained results of the primary atomization framework
and subsequent physiochemical processes in the engine, facilitating a more
comprehensive understanding of these interconnected phenomena.

A numerical investigation has been performed through VOF-DNS simula-
tions of the atomizing edge to obtain useful data using the embedded DNS
(eDNS) methodology. This methodology consists on computing single-phase
LES precursor simulations to gather turbulent data for the inflow conditions of
the main simulation, assuming the flow between both computational domains
is one-way coupled. These precursor simulations were succesfully validated
against consolidated experimental and DNS computational data in the litera-
ture, comparing mean streamwise velocity profiles (law of the wall) and root

107
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mean square (RMS) velocity components. Additional two-phase LES precur-
sor simulations have been proposed in this thesis to extend the eDNS concept,
getting the liquid film to develop along the prefilmer. Depending on the inflow
conditions, the methodolody is splitted into two new variations:

• The first method considered both constant liquid film thickness and ve-
locity at the domain inlet, but a variable gas inlet velocity to account for
the turbulence of the gaseous phase. The only difference with the actual
eDNS method by Sauer et al. [45] is the film thickness is obtained by
processing the results of the extra two-phase LES precursor simulations
instead of being a theoretical or experimental value.

• The second method considered all gas and liquid features (velocities
and thickness) as variable, both timewise and spanwise, to also account
for the spatio-temporal evolution of the liquid film thickness upstream
of the prefilmer edge. Snapshots of a plane perpendicular to the flow
direction are obtained from the two-phase LES precursor simulations,
mapping these values as an input boundary condition of the VOF-DNS
main simulation.

To achieve a comprehensive evaluation of the DNS simulation results, some
post-processing tools have been implemented and applied. Additionally, a
methodology to post-process ligament data not only in a 2D projection but in
a 3D domain was also proposed. A threshold 𝛼 value has been chosen based in
the ones found in the literature to identify individual liquid structures all over
the domain. The main and larger structure, encompassing both the film and
any ligament directly connected to it, is recognized as the intact core, distin-
guished from the droplet cloud and any ligaments that have become detached.
This enabled independent processing of both kinds of liquid structures.

• Regarding the intact core and ligaments analysis, two different ap-
proaches have been adressed:

– As the experimental data found in the literature consists of 2D
shadowgraphy images, the liquid data obtained from the DNS has
been projected onto the prefilmer plane and binarized for a succesful
qualitative comparison with validation purposes.
To extract the ligaments from the liquid core, a method has been
proposed to process the resulting 2D images of each timestep. A
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cutting and smoothing algorithm was created to isolate them, and
a connectivity filter was used to identify them.
A novel method based on the Fast Marching Method has been
proposed in this thesis to obtain a better approximation of the
ligament length. It gives the distance of the continuous shortest
path between the prefilmer edge and each ligament tip, obtaining
higher ligament lengths as one-dimensional limitations of the older
method are no longer present.
The method for determining other relevant parameters related to
ligaments in the literature, such as film deformation velocity, is
strongly dependent on spatiotemporal resolution. Instead, it has
been proposed to calculate these velocities by projecting them into
the prefilmer plane, summing their values weighted by 𝛼. Valida-
tion of this method has been successful and appears to be more
robust.

– A 3D approach to post-process liquid structures in sprays has been
proposed and implemented as one of the main contributions in this
thesis to avoid the information loss during the projection procedure.
This approach preserves the three-dimensional representation of the
ligament structures, obtaining more accurate ligament lengths (the
Fast Marching Method also applies in 3D) and velocities.
An additional ligament equivalent diameter has been defined from
length and volume to correlate with the size of generated droplets
during atomization process.

Some additional parameters were used to describe the breakup process
regardless of whether the ligaments were treated in a two-dimensional or
three-dimensional manner, averaging magnitudes across all time steps:
breakup length, mean ligament tip velocity, mean film deformation
speed. From those values, a mean breakup frequency was estimated.

• The droplet cloud has been analyzed using the method found in the
literature for a round spray. Assuming spherical droplets, volumetric
diameters and droplet velocities were computed, as well as other relevant
properties (Reynolds, Weber and Ohnesorge dimensionless numbers).

Both proposed variations of the eDNS method have been performed for a
widely studied operating condition in order to compare the accuracy of the
results and discuss the computational costs of the simulations. In both cases,
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the predicted breakup mechanism sequence obtained was in accordance to the
momentum flux ratio: liquid accumulation, bag formation, bag breakup, liga-
ment formation and ligament breakup. These liquid structures were analyzed
using the postprocessing tools explained previously.

Qualitative comparisons between both simulation strategies for the refer-
ence condition revealed important differences in terms of ligament distribu-
tion and droplet cloud, although having the same momentum flux ratio. The
variable case, which considers the liquid film evolution upstream of the pre-
filmer edge, resulted in a less uniformly distributed spanwise liquid reservoir
behind the edge, as film crests and valleys are less synchronized along the
prefilmer span. This results in a less violent bag breakup event and a more
continuous atomization process in time than the constant liquid film thickness
case, inhibiting atomization to a certain extent but producing breakup more
continuously in time. Both approaches yielded a higher number of droplets
generated through bag breakup compared to ligament breakup, but the latter
mechanism became more significant for the variable film thickness strategy.
Furthermore, the ligaments predicted using this strategy exhibited a larger
equivalent diameter than the ones in the constant case, enabling the prediction
of a multimodal drop size distribution as the one reported from experimental
results in the literature.

Quantitative validation against experimental data in the literature showed
reasonable agreement for both simulations, with better predictions obtained
when accounting for the liquid film evolution along the prefilmer surface de-
spite not accounting for the absolute nature of the interfacial instability pro-
duced at this location. The multi-modal droplet size distribution seen in
experiments could only be reproduced using the novel proposed methodol-
ogy. Differences of the spray spreading in the wall-normal direction between
methods caused variations in velocities distributions, splitted among velocity
components: accounting for liquid film evolution lead to a narrower droplet
cone than the one obtained in the opposite case. In the latter, film flapping
was strongly present as the behaviour of the film was very uniform across
spanwise locations, meaning all the shaped bags get punctured and break up
at the same stage and droplets are generated mostly at the same side of the
prefilmer. The averaged and aggregated quantities considered in this case
might be biased by the lack of variability as only a few breakup events were
simulated, but this limitation is attenuated if the novel proposed methodology
is used.

The choice between constant and variable liquid film thickness methodolo-
gies hinges on the specific aspects of the atomization process that one aims
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to capture. The constant thickness approach offers simplicity and computa-
tional efficiency, obtaining isolated violent breakup events and allowing for
a broad overview of the breakup process. Nevertheless, the variable thick-
ness methodology provides a more detailed and accurate representation of
the liquid film evolution, breakup is more continuous in time and less uni-
form spanwise. Droplet size, positions and velocities distributions are closer
to the experimental results, especially in scenarios where film thickness vari-
ations significantly influence the atomization dynamics. However, unless a
more aggressive cell refinement (unfeasible in the scope of the present thesis)
is achieved, it might struggle to represent particularly thin films and is subject
to phenomena like non-physical dewetting.

The limitations of the comparative study between both methodologies
within the framework of the thesis will be discussed hereunder. This compar-
ison was limited to a specific operating condition where liquid accumulation
behind the prefilmer edge is key, and the breakup frequency is partially de-
coupled from the film wave frequency. It is acknowledged that conditions with
higher gas-to-liquid momentum flux ratios, as found in aero engines, may lead
to different breakup regimes where breakup frequency is expected to be more
closely coupled to the film wave frequency, but the proposed methodology
could also yield more accurate predictions for them.

It must be noted that both approaches assume that perturbations exclu-
sively propagate downstream from the instability source, which is true when
the interfacial instability generated in the planar airblast atomizer is convec-
tive. This is not true for the operating conditions analyzed in this study,
requiring a computation of the complete atomizer geometry for a detailed
analysis on the absolute interfacial instability. Instead, the DNS domain in-
cluded part of the prefilmer surface upstream of its edge to keep the influence
of the interfacial stability in that region. Even so, the methodology has been
validated from a practical standpoint compared against experimental data.

Some other limitations of the methodology must be emphasized, mainly
caused by the need for a significant amount of computational resources. On the
one hand, this implied a small computational domain, which yielded smaller
ligaments than the ones reported in the experiments. However, this fact is
indeed acknowledged in numerous literature studies with similar resolution.
It also implied a small number of breakup events simulated, reducing variabil-
ity in breakup events and lacking a deeper statistical analysis, so the results
might be biased. On the other hand, adopting smaller cell sizes would have en-
hanced the depiction of the liquid-gas interface given the considerable number
of droplets with the smallest reliable diameters (twice the cellsize), but still an
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accurate turbulence representation was ensured through comparison with the
Kolmogorov length scale. Furthermore, some mesh resolution issues affected
the interface description when trying larger cell sizes for a mesh sensitivity
study, as there were not enough cells to represent the liquid film. In order to
assess the limitations concerning mesh cell size, a mesh sensitivity study has
been proposed in the Basilisk code, similar to PARIS but with the inclusion
of the Adaptive Mesh Refinement (AMR) feature. This study revealed no
mesh independence in the droplet size and velocity distributions. Neverthe-
less, using a finer mesh without including the variable film thickness at the
domain inlet did not allow retrieving the multimodal drop size distribution
observed in the experiments, predicting that the vast majority of generated
droplets are produced through the bag breakup mechanism. The fact that the
simulation with variable film thickness in PARIS was indeed able to predict
a multimodal size distribution correctly balancing bag breakup and ligament
breakup means that the novel methodology proposed and developed in the
thesis allows a better physical description of the problem than mesh refine-
ment itself. This finding supports the effort carried out in implementing the
technique.

The upcoming conclusions will refer to the parametric study, another key
aspect of the thesis. The former proposed variation of the eDNS method has
been chosen to explore how the formation of liquid structures is influenced by
mean gas velocity and fluid properties. VOF-DNS simulations were conducted
for four different operating conditions, involving two gas velocities and two
liquids tested.

On the one hand, variations in the mean gas velocity have an impact on
several key parameters within the atomization process. Higher gas velocities
increase 𝑅𝑒𝑔, all definitions of Weber numbers (𝑊𝑒𝑙, 𝑊𝑒ℎ and 𝑊𝑒𝛿) and
momentum flux ratio 𝑀 , but also decrease film thickness. These changes
in the value of 𝑀 are strong enough to induce differences in the breakup
mechanism detected, in line with the findings in the literature. On the other
hand, variations in the fluid properties (30% higher density, 4 times more
dynamic viscosity and 70% more surface tension for H2O-Propanediol than for
Shellsol D70) result in lower 𝑅𝑒𝑙 and Weber numbers, but higher film thickness
and Ohnesorge values. The momentum flux ratio is also reduced, but the
breakup mechanism is not changed substantially. In summary, atomization
ranges from finer in cases with high gas velocity and low density/viscosity to
most inhibited in cases with low gas velocity and high density/viscosity.

The atomization process investigated had a consistent pattern in all cases,
forming bags, rims and ligaments. Two different breakup mechanisms from
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the literature have been identified among the four operating conditions tested:
the torn-sheet breakup regime (cases with lower 𝑅𝑒𝑔 and 𝑀 values) where liq-
uid accumulation in the prefilmer edge is key and triggers film flapping, and
the membrane-sheet breakup regime (cases with higher 𝑅𝑒𝑔 and 𝑀 values).
The analysis of ligaments properties among all cases highlighted that charac-
teristic lengths correlated with the same trend infered from qualitative results
(finer to more inhibited atomization state), characteristic frequencies followed
the opposite trend, and characteristic velocities were nearly identical. How-
ever, the violent film flapping in the torn-sheet breakup regime cases slightly
altered deformation velocities 𝑢𝑑𝑒𝑓 and, therefore, breakup frequencies 𝑓𝑏𝑢

trends. In terms of droplet properties, 𝑅𝑒𝑔 played a crucial role in reducing
the dispersion of droplet location and their wall-normal velocity distributions.
Liquid characteristics also influenced wall-normal velocity distributions, spe-
cially for the torn-sheet breakup operating conditions with high asymmetry,
but normalized spanwise velocity distributions showed limited variations.

Building upon the knowledge gained about primary atomization in airblast
atomizers during this thesis, a spray generator has been developed. The al-
gorithm accounts for a variable liquid mass flow rate (accounting for airblast
atomization phenomenology), generating droplets in a loop until the target
mass flow rate is reached. In the proposal, droplet position is computed from
the DNS data (in a determined axial location), droplet size is conditioned
by wall-normal location, and droplet velocities are influenced by droplet size.
This model has been developed through the observation and analysis of the
quantitative results obtained from the simulations conducted for the paramet-
ric study. Specifically, the appearance of the pdfs has been correlated with
matematical functions, statistically adjusting the parameters that emerged in
a reasonable manner. The spray generator has been evaluated by another
partner of the ESTiMatE project for the reference operating condition, inject-
ing lagrangian particles in a reacting LES of spray flames. Results showed an
accurate replication of the droplet cloud from the DNS simulation.

Subsequently, the algorithm was extended to all operating conditions
tested in the parametric study. To link the functional parameters (like droplet
size and velocity) to the results obtained in those simulations, some statistical
correlations were established between the mathematical expressions infered for
the droplet pdfs and pertinent dimensionless factors acknowledged for their
influence on primary atomization: main frequency 𝑓𝑚𝑎𝑖𝑛 and droplet axial po-
sition are mainly influenced by the breakup regime (through 𝑅𝑒𝑔 and 𝑀) and
the traditional Weber number 𝑊𝑒𝑙, but the wall-normal location is also linked
to the atomizing edge height through 𝑊𝑒ℎ; droplet size is essentially governed
by 𝜌𝑙 and the boundary layer based Weber number 𝑊𝑒𝛿; and droplet velocities
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are mainly determined by ℎ𝑙 for the streamwise and wall-normal components,
while 𝜌𝑙 shapes the spanwise component.

Nevertheless, this process has some limitations. Merely four conditions
were available for developing the proposed model, not being an extensive
enough database to cover both atomization regimes identified in the paramet-
ric study. The applicability of the suggested model remains uncertain beyond
its determined range, but the showcased procedure illustrated the possibility
of generating a more extensive dataset.

All in all, creating a complete primary breakup model from particular
high-fidelity simulations or, at least, identifying distinct submodels suitable
for each atomization regime relevant to prefilming airblast atomizers would
be feasible if enough computational resources were available.

6.2 Future works
Some aspects remain unaddressed or require further examination to warrant
a deeper comprehension and modelling of primary atomization phenomena in
airblast atomizers. To this end, the subsequent tasks may contribute signifi-
cantly to this subject:

• One of the main drawbacks of limited computational resources was the
inability to simulate a large amount of atomization events for every op-
erating condition. This would provide valuable information for a deeper
statistical analysis, improving the quality of the resulting pdfs and the
validity of the model.

• The parametric study was performed with the constant film thickness
approach as the variable film thickness approach involved some prob-
lems with mesh cell size. For some operating conditions, there appeared
some non-physical dewetting in the film (not present in literature exper-
iments) due to an insufficient number of cells to properly reproduce the
film thickness itself and the gas-liquid interface. Refining the mesh in
future simulations could allow variable film thickness DNS simulations
to succeed regardless of the simulated operating condition, feeding the
phenomenological model with improved results.

• Related to the previous point, refining the domain of the DNS simula-
tions using PARIS Simulator would increase the number of cells expo-
nentially. As a solution, the use of Adaptive Mesh Refinement (AMR)
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could increase the number of cells in certain locations instead of the
whole domain, improving the gas-liquid interface representation. PARIS
Simulator does not have this feature, but another CFD code by the
same authors Basilisk has. In Appendix A Basilisk has been succesfully
used to perform a mesh study in the reference operating condition, so
a complete parametric study with additional operating conditions could
be performed to improve precision using a reasonable amount compu-
tational resources, as long as the variable film thickness approach is
implemented in the code.

• It would be valuable to consider simulations involving the entire geome-
try of the atomizer, encompassing a more extensive region upstream of
the prefilmer. Such simulations, although not necessarily at the DNS
level, would provide an opportunity to assess the potential differences
that may arise due to the absolute instability, and the influence of im-
plementing two-way coupling on the simulations outcomes. This could
offer deeper insight into the overall atomization process and contribute
to a more comprehensive understanding of the system’s behaviour.

• The intention of the ESTiMatE project was to integrate the phenomeno-
logical model with the ITD leader code PRECISE-UNS and the BSC
code Alya, enabling the injection of droplets within Lagrangian simula-
tions. This integration aims to faithfully replicate the characteristics of
the primary atomization process during spray formation. By the time
this document is being written, other partners of the project are working
on this direction.
A preliminary implementation has been carried out by BSC in Python
for model verification, comparing the droplet cloud generated by the
injection module in a lagrangian LES against the VOF-DNS obtained
for the reference operating condition. It would be convenient to perform
some additional tests for the rest of operating conditions.

• Another interesting investigation would be exploring the differences be-
tween using a predefined Rosin-Rammler droplet size distribution versus
the proposed model. This would assess the impact of the computational
representation on the spray in a reactive Lagrangian simulation of a
spray flame.

• Employing the process described in the methodology for additional op-
erating conditions could potentially generate a more extensive dataset
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for devising a universal primary breakup model or, at least, for identify-
ing distinct submodels suitable for each atomization regime relevant to
prefilming airblast atomizers.
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Appendix A

Exploring mesh refinement
through adaptive tools

In this Chapter, a comprehensive exploration of mesh refinement is performed
for the reference operating condition by utilizing a different CFD code, Basilisk
[108], which has adaptive meshing features.

Adaptive Mesh Refinement (AMR) is a numerical technique used in CFD
and other computational sciences to dynamically adjust the grid resolution
during the simulation. Berger and Colella pioneered an algorithm known as
local adaptive mesh refinement [120] which has been broadly used in turbu-
lence problems. The goal of this technique is to focus the mesh resolution
efforts in regions of interest, allowing for a more efficient and accurate repre-
sentation of the physical phenomena under investigation. It involves dividing
the computational domain into a hierarchy of grids with varying resolutions.
High-resolution grids are allocated in areas with complex flow features or steep
gradients, while coarser grids are used in less critical regions. This adaptability
allows for improved accuracy where it is needed most, optimizing computa-
tional efficiency.

Basilisk is a free software program designed for solving partial differential
equations on adaptive Cartesian meshes. It has been developed by the same
authors as its predecessor Gerris and PARIS Simulator. Basilisk programs are
written in Basilisk C, a variant of the C language.

It is important to emphasize that, unlike the detailed studies presented
in previous Chapters, the main objective of this Appendix is to verify the
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new CFD code’s capability to reproduce primary atomization features in two-
phase flow DNS simulations using less computational resources than PARIS
Simulator. If affirmative, a deeper mesh study would be feasible, and the
injection model proposed in Chapter 5 could be easily extended.

A.1 Proposed methodology for the case of study
Many elements are shared between PARIS (explained in Section 2.2.3) and
Basilisk codes. Therefore, this Section only provides details of the elements
that differ between them.

A.1.1 Governing equations and related submodels

The incompressible, variable-density, Navier-Stokes equation with surface ten-
sion (Equation A.1) is solved using the finite volume approach with mass and
momentum conservation, and including also the Continuous Surface Force
(CSF) method to compute surface tension forces. The deformation tensor is
D = [∇u + (∇u)𝑇 ]/2.

𝜌

[︂
𝜕u
𝜕𝑡

+ u · ∇u
]︂

= −∇𝑝 + ∇ · (2𝜇D) + 𝜎𝜅𝛿𝑆n (A.1)

𝜕𝛼

𝜕𝑡
+ u · ∇𝛼 = 0 (A.2)

The VOF method (remember Section 2.1.3) is also applied to capture
the interface of the two-phase flow following Equation A.2, however the the
Weymouth and Yue (WY) approach [121] is used to split-direction advection.
For interface reconstruction, the normal vector n is computed from the volume
fraction field using the Mixed-Youngs-Centered (MYC) approximation and
basic geometric functions. On the other hand, the curvature 𝜅 is estimated
through the Height Functions (HF) approach [85] as well.

A.1.2 Computational domain and mesh

In this study, the aim is to reproduce the reference simulation using the embed
DNS approach showed in Figure 2.5 left, with variable air velocity, constant
liquid velocity and film thickness (namely ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case in Chapter 3 and
OP#1 in Chapter 4). Reminding the geometry of the atomizing edge DNS
domain (Figure 2.13) the new dimensions are compiled in Table A.1. Length
and height have slightly lower values than the PARIS reference case but the
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span is higher, as the domain needs to be squared and divisible by powers
of 2. The prefilmer edge thickness ℎ𝑝 was shown in Table 1.1 and the film
thickness is considered constant as well.

Table A.1: Main dimensions of the atomizing edge DNS computational do-
main.

Description Parameter Value [mm]
Domain length 𝐿𝑥 5.12
Domain height 𝐿𝑦 5.12
Domain span 𝐿𝑧 5.12
Prefilming length 𝐿𝑝 1.00

The spatial discretization of the 3D domain involves cubic finite volumes
organized hierarchically as an octree [122]. Each finite volume is called a cell,
and may act as the parent of up to eight children (four in 2D). A cell with no
parents is called a root cell, which is the base of the tree, and a cell with no
children is called a leaf cell. The refinement level of cells starts at zero for the
root cell, and increases by one for every group of descendant children added.
Each cell has a direct neighbour at the same level in each direction, these cells
being connected by cell faces (edges in 2D). Figure A.1 provides an example of
spatial discretization (left) and the corresponding tree representation (right) of
a quadtree (two-dimensional equivalent of an octree) for illustrative purposes.
In this grid, the flow pressure and velocity components are located at the
cell centers, opposite to the staggered grid used in PARIS, as momentum
conservation is simpler when dealing with mesh adaptation. For more details
on the implementation the reader is referred to [123].

Figure A.1: Example of quadtree discretisation (left) and corresponding tree
(right) adapted from [123].
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The mesh is automatically refined where velocity or VOF gradients are
greater than a threshold. Depending on the maximum and minimum re-
finement levels enabled, different ranges of cell sizes and number of cells are
obtained. Two simulations have been performed to assess the influence of the
minimum cell size on the results and to validate the mesh employed in the
thesis, despite the slight differences between the codes. The main mesh prop-
erties of these simulations are gathered in Table A.2. For the reference case,
the minimum refinement level imposed is 6 and the maximum is 9, resulting
in a grid ranging from 0.26 to 134.22 million cells with sizes between 10 and
80 µm. This implies that, in this scenario, the finest resolution aligns with
the resolution of the PARIS reference case. However, for the refined case, one
more refinement level is enabled (10), allowing up to a maximum of 1073.74
million cells with a minimum size of 5 µm. The level of refinement near the
inlet for both simulations is forced to 9 so the turbulent velocities can be
properly mapped from the precursor LES simulation. The study thus intends
to assess the sensitivity of the results to the minimum cell size.

Table A.2: Cases of study of the influence of mesh refinement.

Case Description Refinement levels Number of cells [M] Sizes [µm]
BSK ref Reference 6 - 9 0.26 - 134.22 10 - 80
BSK fine Refined 6 - 10 0.26 - 1073.74 5 - 80

A.1.3 Boundary conditions and discretization schemes

The 𝛼 field is set to mantain a constant film thickness at the inlet (X- bound-
ary) similar to ℎ𝑙 ̸= 𝑓(𝑡, 𝑧) case in Chapter 3, as there is no implementation
for a variable film thickness in Basilisk. In terms of velocities, the liquid ve-
locity is also constant, but a Dirichlet boundary condition is implemented for
the gaseous phase, incorporating time-varying velocity data obtained from the
precursor LES simulation. This data is mapped onto the computational do-
main with linear interpolations between temporally sampled planes, ensuring
a dynamic representation of the inlet conditions. On the other hand, a Neu-
mann boundary condition is applied at the outlet (X+ boundary) and for the
bottom and top bounds (Y- and Y+ boundaries) to maintain the numerical
stability of the simulation, in order to avoid artificial reflections or distur-
bances. A symmetric condition is used spanwise (Z- and Z+ boundaries),
ensuring that the normal component of the velocity is zero after projection
through the balance of acceleration and pressure gradient. Solid immersed
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boundaries (prefilmer solid wall) are treated forcing high inertia and turn-
ing velocity to 0 before advection. More details can be found in the Basilisk
documentation [108].

For temporal discretization, a combination of a time-splitting projection-
correction method (remember Equations 2.29 to 2.32) and a 2nd order
staggered-in-time discretization is employed [124].

The projection step is presented in Equation A.3 with some simplification
for readability, where A is the advection term, D is the diffusion term and F
is the forces term.

(u* − u𝑛)
Δ𝑡

= −𝐴𝑛+ 1
2 + 𝐷𝑛 + 𝐹 𝑛+ 1

2

𝜌𝑛+ 1
2

(A.3)

Then, the auxiliary velocity field u* is corrected with the pressure gradient as
shown in Equation A.4 so it turns out to be divergence-free. This results in
the Poisson Equation A.5 expressed with no dependance of u𝑛+1.

(u𝑛+1 − u*)
Δ𝑡

= −∇𝑝𝑛+ 1
2

𝜌𝑛+ 1
2

(A.4)

∇ ·
(︃

∇𝑝𝑛+ 1
2

𝜌𝑛+ 1
2

)︃
= ∇u*

Δ𝑡
(A.5)

For the spatial discretization, an exact projection for face-centered veloc-
ities u*𝑓 and an approximate projection for the cell-centered velocities u*𝑐

are used. First, u*𝑐 is computed from the projection step (Equation A.3).
Then, the auxiliary face-centered velocity field u*𝑓 is needed to obtain the
divergence as shown in Equation A.6, where Δ is the length scale of the cell
and n𝑓 is the unit normal vector of the face. This term is computed averaging
the cell-centered values, guaranteing consistency of the corresponding volume
fluxes.

∇ · u* = 1
Δ
∑︁

𝑓

u*𝑓 · n𝑓 (A.6)

After solving this Equation, the face-centered pressure gradient is applied for
the correction step (Equation A.4), obtaining the face-centered velocity field
u𝑛+1,𝑓 . Finally, said correction term is averaged over all the faces delimiting
the control volume, so it can be used to obtain the cell-centered velocity field
u𝑛+1,𝑐. The former field is divergence-free by definition, but the latter is
approximately non-divergent.
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A variable timestep is employed ensuring the maximum CFL number never
surpasses 0.4, so each millisecond of simulated physical time required 45.3k
core-hours for the BSK ref case and 106.3k core-hours for the BSK fine case.

A more detailed description of time and spatial discretization schemes is
given in [85, 123].

A.1.4 Post-processing methods

This Section overviews the post-processing tools used for analyzing the atom-
ization edge DNS data obtained through Basilisk CFD code.

Recalling the first step in Section 2.2.3.4, individual continuous liquid
structures are identified using the same threshold value 𝛼 = 0.5. This al-
lows to separate the intact core and ligaments from the droplet cloud. Due to
the new mesh typology employed, the assessment of the core and ligaments
is unfeasible without substantial modifications to the already developed post-
processing scripts. Consequently, the focus is shifted exclusively to the analysis
of the droplet cloud, where minor adjustments to the post-processing scripts
permitted exploring and comparing the results.

A.1.4.1 Droplet cloud analysis

Assuming spherical droplets one more time, each individual droplet 𝑖 is at-
tributed a volumetric diameter based on Equation 2.35. The droplet 𝑖 liquid
volume (𝑉𝑑𝑟𝑜𝑝,𝑖) is calculated as the sum of the liquid volume for every cell
𝑗 belonging to the droplet, as in the first part of Equation 2.36 (reported
again in Equation A.7 for illustrative purposes). However, AMR generates
cells with different sizes, causing 𝑉𝑐𝑒𝑙𝑙,𝑗 to not be constant in this case and
avoiding simplification.

𝑉𝑑𝑟𝑜𝑝,𝑖 =
𝑁𝑐𝑒𝑙𝑙𝑠∑︁

𝑗=1
𝛼𝑗𝑉𝑐𝑒𝑙𝑙,𝑗 (A.7)

Droplet velocities are computed as weighted averages of the velocity from
each cell 𝑗 composing the droplet. This was shown in the first part of Equation
2.37 (reported again in Equation A.8 for illustrative purposes), but now the
weighting factor (total liquid volume) cannot be simplified with 𝑉𝑐𝑒𝑙𝑙,𝑗 .

udrop,i =
∑︀𝑁𝑐𝑒𝑙𝑙𝑠

𝑗=1 𝛼𝑗 · 𝑉𝑐𝑒𝑙𝑙,𝑗 · uj∑︀𝑁𝑐𝑒𝑙𝑙𝑠
𝑗=1 𝛼𝑗 · 𝑉𝑐𝑒𝑙𝑙,𝑗

(A.8)
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A.2 Results
In this Section, the results are presented by comparing the PARIS ℎ𝑙 ̸= 𝑓(𝑡, 𝑧)
case with both Basilisk simulations, as there is no implementation for variable
film thickness and velocity in the latter code. By doing so, the effect of the
minimum cell size is isolated while keeping the rest of the setup as similar as
possible between them.

Concerning droplet sizes, Figure A.2 displays the PDFs of drop diameters
for the three simulated cases. Please remind that droplets with a diameter
less than twice the minimum cell size are not reliable and have been excluded
from the analysis (𝑑𝑉 ≤ 20 µm for PARIS and BSK ref, 𝑑𝑉 ≤ 10 µm for BSK
fine). The comparison reveals a significant agreement between PARIS and
BSK ref. Both cases seem to have a single breakup mode and maintain the
same peak diameter, but there is a slight increase in larger droplets and a
decrease in smaller droplets for the latter. However, the peak diameter for
the BSK fine case has shifted to smaller values, as the finer mesh can capture
smaller droplets. Therefore, the droplet size results are quite sensitive to the
mesh resolution. Despite the extra level of refinement, the droplet diameter
distribution obtained still appears to have a single mode, not resembling the
multimodal distribution observed in the experiments and obtained for the
ℎ𝑙 = 𝑓(𝑡, 𝑧) case in PARIS. This implies that, despite the lower cell size,
most of the represented droplets are shaped from the bag breakup mechanism,
without significant contribution from ligament breakup.

Regarding droplet velocities, Figure A.3 illustrates the PDFs obtained for
each of the droplet velocity components. The velocity distributions exhibit a
considerable similarity among PARIS and BSK ref scenarios, the differences
being justified recalling the analysis from Chapter 3. On the other hand,
distributions of the BSK fine simulation differ to a larger extent.

For the streamwise component, the distribution shape and dispersion
about the average is almost identical between the first two cases, having the
peak around a similar value. Nevertheless, some differences are present in the
extremes, as the BSK ref case has a higher number of droplets with near null
streamwise velocity, and there are no droplets that achieve a value greater than
70% 𝑢𝑔. Alternatively, the BSK fine case distribution is noticeably shifted to
higher streamwise velocity values, closer to the mean gas velocity, with the
peak around 50% 𝑢𝑔 and deviation achieving 100%. This can be attributed to
the presence of significantly smaller droplets, which exchange more momentum
with the gas, thus accelerating.

In terms of wall-normal velocities, the PDFs are centered around 0 and
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Figure A.2: Droplet size PDF for the three simulations.

Figure A.3: PDFs for the droplet velocity components for the three simulated
test cases: streamwise velocity (top left), wall-normal velocity (top right),
spanwise velocity (bottom). All values are normalized with the gas bulk ve-
locity.
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have a high dispersion towards one side in all cases: negative values for PARIS
and positive ones for both BSK simulations. This may be explained consider-
ing that the liquid film flaps violently, and the generated bags got punctured
towards opposite sides of the prefilmer in the breakup events analyzed through
each simulation (i.e. code), yielding a high amount of droplets below the pre-
filmer for the former case and above the prefilmer for the Basilisk cases. These
locations strongly influence the wall-normal velocity component as droplets
generated through this mechanism tend to travel further away from the pre-
filmer. Again, the BSK fine case predicts droplets with higher velocity values
than the BSK ref case, as the extra amount of small droplets detected tends
to reach velocities closer to that of the gas.

Finally, the spanwise component distributions are similarly centered
around 𝑤/𝑢𝑔 = 0, but the Basilisk cases have a significantly higher peak
and lower deviation from this value.

The following paragraphs will revisit the previous comparison with a sig-
nificant change: filtering droplets with 𝑑𝑉 ≤ 20 µm for the BSK fine results.
Filtering droplets with small sizes in this case might seem senseless, as one
of the main advantages of simulating with a finer mesh is capturing smaller
droplets. However, aligning the filtering criteria of all three simulations, both
among them and with the resolution of the experiments (remember Chapter
2), may enable a fairer comparison and a better evaluation of the distribu-
tions characteristics. Specifically, it may provide information about whether
the relative importance of the experimentally observed atomization mecha-
nisms (bag breakup and ligament breakup) significantly changes with the cell
size.

Observing the new drop diameters comparison in Figure A.4, the three
distributions are almost identical now. This confirms the fact that the extra
level of refinement in the last simulation has not managed to improve the
description of the atomization mechanism, obtaining the same single mode
shape contrary to the multimodal one observed in the experimental results
and achieved in Chapter 3 by modifying the inlet boundary condition.

The velocity distributions of the BSK fine case are also modified after re-
moving the smaller droplets, as illustrated in Figure A.5. In this occasion,
the new streamwise velocities distribution is much more similar in shape and
dispersion to the other cases, not exceeding the same 70% 𝑢𝑔 limit obtained
with a coarser mesh. It is also worth mentioning that the peak is slightly
shifted towards a lower value. For the wall-normal component, both Basilisk
distributions are much closer, again centered around 0 and with a high disper-
sion in one side. The finer mesh case still shows slightly more droplets with
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Figure A.4: Droplet size PDF for the three simulations, filtering droplets
whose 𝑑𝑉 ≤ 20 µm for BSK fine.

Figure A.5: PDFs for the droplet velocity components for the three simulated
test cases, filtering droplets whose 𝑑𝑉 ≤ 20 µm for BSK fine: streamwise ve-
locity (top left), wall-normal velocity (top right), spanwise velocity (bottom).
All values are normalized with the gas bulk velocity.
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higher wall-normal velocities, but the secondary peak is obscured. Finally, the
spanwise component distribution has not changed noticeably. Most droplets
filtered had some velocity, so the population of the peak around null spanwise
velocity is marginally greater. Both Basilisk distributions are almost identical.

A.3 Conclusions
A mesh study has been accomplished in this Appendix using the Basilisk CFD
code to simulate the reference operating condition described in Chapter 3. The
main advantage of this code over PARIS is its Adaptive Mesh Refinement tool,
capable of dynamically adjusting the spatial resolution during the simulation
based on the evolving flow features. Two different simulations have been
performed in this analysis: the first one matching its maximum refinement
level with the spatial discretization used throughout the thesis for the reference
case (smallest cell size 10 µm), and the second one with an extra level of
refinement available (until 5 µm).

A few minor changes have been applied to the postprocessing tools in
order to get quantitative results (i.e. distributions of diameters and velocity
components) of the droplets generated with Basilisk simulations. Despite the
small differences between PARIS and Basilisk codes, fairly similar results have
been obtained, confirming the latter can reproduce the atomization mechanism
in two-phase flow DNS simulations with less computational resources. Once
this methodology has been validated, a deeper mesh study would be feasible
changing minimum and maximum levels of refinement in further simulations
in order to improve accuracy and computational effort.

The finer case showed many differences in the distributions compared to
the coarser one, indicating that the results do depend on the mesh and its
ability to capture progressively smaller droplets, usually with higher velocities.
However, when matching the droplet resolution of this simulation with the
rest of simulations and with the resolution of the experiments available in the
literature for validation (i.e. ignoring droplets with 𝑑𝑉 ≤ 20 µm) differences
practically dissappear. The fact that both fine and coarse cases are so similar
supports the statement that the description reached with PARIS in Chapter
3 is reasonable for the reference operating condition.

Nevertheless, both Basilisk cases predict a single mode distribution for the
droplet sizes. The distribution observed in the literature experiments is mul-
timodal, in agreement with both bag breakup and ligament breakup processes
being relevant atomization mechanisms. Hence, the extra level of mesh refine-
ment was not able to improve the description of the breakup mechanism in the
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reference operating conditions. The fact that the simulation with variable film
thickness in PARIS (ℎ𝑙 = 𝑓(𝑡, 𝑧) case in Chapter 3) was indeed able to predict
a multimodal distribution means that the novel methodology proposed and
developed in the thesis to study breakup atomization allows a better physical
description of the problem than mesh refinement itself. This finding supports
the effort carried out in implementing this technique.

On the other hand, a combination of both refinement and improvement of
the inlet boundary conditions (accounting for film history) could be tested with
Basilisk for the operating conditions with lower film thicknesses, as those cases
resulted in non-physical dewetting due to the PARIS limitations. In order to
do this, it would be necessary to implement an inlet boundary condition with
variable film thickness and velocities, as it has been done for PARIS. This
way, in case of success, the injection model proposed in Chapter 5 could be
easily improved and extended.
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