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Abstract

The purpose of the injection system in Diesel engines, and in general, of
any Direct Injection engine, is the delivery of a high-quality air-fuel mixture, in
such a way that an efficient combustion is achieved whilst pollutant and noise
emissions are minimized. Computational Fluid Mechanics (CFD) techniques
have been one of the key tools that helped fastest development of injection
system over the last decades.

Among all processes that need to be included in computational models of
sprays (cavitation, flow detachment, boundary layer development, etc.), the
atomization or break-up of the liquid vein is probably the most complicated
one. This is because physical phenomena that governs that process are not
fully understood yet. Furthermore, the strong link existing between the flow
inside the injector nozzle and the spray behavior is, in general, poorly simu-
lated. The present Thesis has focused on these two aspects of the injection
process: the atomization of the fuel, and seamlessly simulating the internal
flow and the spray.

A new model, called Eulerian Spray Atomization (ESA), has been devel-
oped and implemented in the open source CFD software OpenFOAM ® to
simulate the whole injection process. ESA model is based on a homogeneous
flow description under an Eulerian framework; in other words, the air-fuel
mixture is considered as a single fluid and the mixing process is modeled by
means of two new transport properties: the liquid mass fraction and the inter-
facial surface density. The ESA model has been verified by comparison with
Direct Numerical Simulations of Diesel sprays and with analytical solutions
of simplified problems. It has also been validated with a large experimental
database.

Thus, this work provides a new and valuable tool, the ESA model, that
allows improving the understanding of direct injection processes. One of the
outcomes obtained by using it is that, as a result of fuel being considered as
a compressible fluid, the expansion process taking place inside the injector
has a cooling effect, however the viscous friction at walls heats up the liquid.
Another interesting finding is that lighter fuels atomize faster, therefore in-
creasing the fuel temperature inside the injector is recommended in order to
improve the atomization and so the combustion efficiency.



Resumen

El objetivo del sistema de inyeccién en los motores diésel (en general en
cualquier motor de inyeccién directa) es la formacién de una mezcla aire-
combustible de calidad, de manera que se logre una combustién eficiente a la
vez que se minimicen las emisiones contaminantes. Los sistemas de inyeccién
han evolucionado rapidamente en los dltimos anos, y las técnicas de Mecanica
de Fluidos Computacional (CFD, de sus siglas en inglés) han sido una de las
herramientas claves para ello.

De todos los procesos que se han de incluir en los modelos computacionales
(cavitacién, desprendimientos de flujo, crecimiento de la capa limite, etc.), la
atomizacién o ruptura de la vena liquida de combustible es, quizds, el mas
complicado ya que los fenémenos fisicos detras de dicho proceso no son to-
talmente conocidos. Ademas, la fuerte influencia del flujo dentro del inyector
sobre el chorro, generalmente, no se simula de manera adecuada. La pre-
sente Tesis trata sobre estos dos aspectos de la inyeccion: la atomizaciéon del
combustible, y la simulaciéon simultanea del flujo en la tobera y en el chorro.

Un nuevo modelo, denominado en inglés “Eulerian Spray Atomization”
ESA, ha sido desarrollado e implementado en el software CFD de codigo
abierto OpenFOAM ®. Este modelo estd basado en estudiar la mezcla como
un medio homogéneo, utilizando para ello una descripcién Euleriana del flujo;
es decir, la mezcla aire-combustible se considera como un tnico fluido y el
proceso de mezcla se modela mediante el transporte de dos nuevas variables:
la fraccion masica de combustible y la densidad de superficie de contacto entre
las fases. La verificacion del modelo ESA se ha llevado a cabo por comparacion
con casos de Simulacién Numerérica Directa (DNS, de sus siglas en inglés) y
con soluciones analiticas de problemas simplificados. Dicho modelo también
ha sido validado frente a una extensa base de datos experimental.

Asi pues, esta tesis aporta una nueva y valiosa herramienta, el modelo ESA,
la cual ha permitido y permitird mejorar la comprensién sobre los procesos
de inyeccién directa. Uno de los frutos obtenidos gracias a su uso es que,
debido a que se ha considerado el combustible como un fluido compresible, el
proceso de expansién que se produce en la tobera enfria el propio combustible,
mientras que los efectos de friccién en las paredes lo calientan. Otro resultado
interesante es que los combustibles mas ligeros se atomizan mas rapido, es por
ello que se recomienda aumentar la temperatura del combustible en el inyector
para mejorar la atomizacion y por tanto la eficiencia de la combustién.



Resum

L’objectiu del sistema d’injeccié en els motors diésel (en general en qual-
sevol motor d’injeccié directa) és la formacié d’una barreja aire-combustible
de qualitat, de manera que s’aconseguisca una combustié eficient alhora que
es minimitzen les emissions contaminants. Els sistemes d’injeccié han evolu-
cionat rapidament en els tltims anys, i les técniques de Mecanica de Fluids
Computacional (CFD, de les sigles en anglés) han sigut una de les eines claus
per tal d’aconseguir-ho.

De tots els processos que s’han d’incloure en els models computa-
cionals (cavitacid, desprendiments de flux, creixement de la capa limit, etc.),
I'atomitzacié o ruptura de la vena liquida de combustible és, potser, el més
complicat, ja que els fenomens fisics darrere de ’esmentat procés no sén total-
ment coneguts. A més, la forta influéncia del flux dins I'injector sobre I’esprai,
generalment, no se simula de manera adequada. La present Tesi tracta sobre
estos dos aspectes de la injeccié: 'atomitzacié del combustible, i la simulacié
simultania del flux en la tobera i I'esprai.

Un nou model, denominat en anglés “Eulerian Spray Atomization” ESA,
ha sigut desenvolupat i implementat en el software CFD de codi obert Open-
FOAM (R). Este model esta basat en estudiar la barreja com un medi ho-
mogeni, utilitzant per a aixo una descripcié Euleriana del flux; és a dir, la
barreja aire-combustible es considera com un tnic fluid i el procés de barreja
es modela mitjanAgant el transport de dos noves variables: la fraccié massica
de combustible i la densitat de superficie de contacte entre les fases. La verifi-
cacié del model ESA s’ha dut a terme per comparacié amb casos de Simulacié
Numerica Directa (DNS, de les seues sigles en anglés) i amb solucions anali-
tiques de problemes simplificats. L’esmentat model també ha sigut validat
front a una extensa base de dades experimental.

Doncs, aquesta tesis aporta una novedosa i valuosa eina, el model ESA, que
va permetre i pemetra millorar I’enteniment dels procesos d’injeccié directa.
Un dels fruits obtinguts gracies al seu us és que, degut a que s’ha considerat
el combustible com un fluid compressible, el procés d’expansié que es produix
en la tobera refreda el propi combustible, mentre que els efectes de friccié a
les parets el calenten. Altre resultat interessant és que els combustibles més
lleugers s’atomitzen més rapid, per la qual cosa es recomana augmentar la
temperatura del combustible en I'injector per a millorar ’atomitzacié i, per
tant, 'eficiencia de la combustid.
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Chapter 1

Introduction

1.1 General context

Diesel engines demonstrated indubitable strong points in terms of efficiency,
reliability and adaptability. Despite the applications of this kind of engine
spread over many fields (naval, electric generator, agriculture, etc.), the auto-
motive industry is one of the sector which boosted the most its development.
The competitive market, together with the stringent emissions regulations im-
posed by the governments (i.e Euro VI [1]), led Diesel engines to continuous
improvements being nowadays one of the most efficient combustion engines
[2]. Imposed regulations are a reflex of the society, its growing concerns about
emissions and fuel consumption because of environmental and economical rea-
sons in the past years.

Fuel direct injection represents one of the key aspects in the development of
the Diesel engines, the idea of controlling the auto-ignition and the consequent
combustion of a liquid spray injected in a reacting atmosphere during a time
scale of few milliseconds has been a challenging task for the engine community
and pushed forward to a massive research in this field. The quality of the
air-fuel mixture defines the combustion efficiency, and therefore the engine
efficiency.

In this sense, the technological advancement reached in the hardware and
software employed made available systems capable of performing fast and ac-
curate fuel (multiple) injections using very high injection pressures, higher
than 200 MPa. On the other hand, the many studies performed in the last
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decades allowed to gain a deep knowledge of the spray formation and com-
bustion process. Despite, it is still difficult to assess with accuracy how a
modification in the geometry affects the whole process. The small time- and
length-scales involved in the phenomena, the difficulty in controlling with ac-
curacy the relevant boundary conditions and the intrinsic complexity of the
atomization process that is at the basis of the spray formation are only a few
of the difficulties that characterize this study.

Currently, the primary and long term objective for researchers is to develop
accurate predictive models capable of describing the injection/combustion
event, with the aim of replacing (or at least reducing) the experimental prac-
tice with numerical simulation or analytical models [3]. The complexity of
these tasks moved the engine community to investigate each time in more
detail the phenomena involved in the injection process in order to provide
modelers quantitative data to compare results of their simulations and also
to gain understanding of the mechanism involved. To this end, in the last
decade, several new specific diagnostics have been introduced thanks to new
available technology [4], for example, X-ray measurements [5].

In the research applied to direct injection Diesel engines, two main ap-
proaches can be identified:

e engine research, oriented to the understanding of the injection and com-
bustion within the engine;

o fundamental study, oriented to the understanding of the spray and the
flame in simplified environments.

In the first approach, tests are performed in real Diesel engines with only
slight modifications to gain optical access or to introduce specific probes. Re-
sults have immediate impact on the decisions to take during the engine cal-
ibration, since all the relevant phenomena are considered. However, in this
approach, boundary conditions that remain unknown and somehow uncon-
trolled are many, for example, turbulence levels of incoming air.

Fundamental studies aim at investigating separate single processes in or-
der to gain knowledge and control on them, for example studying the spray
development avoiding the combustion, or the fuel atomization avoiding the
opening and closing transients. To this end, specific test chambers capable of
finely controlling all boundary conditions are built. The work developed in
the present Thesis follows this second approach.
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All the same, performing fundamental experiments on the flow inside
Diesel nozzles and in the near-field region of the spray under real operat-
ing conditions turns out to be extremely difficult, if not impossible nowadays.
This high complexity is due to the following factors:

¢ Small dimensions of the nozzle orifices.
e High velocity of the flow, due to high injection pressure.

e Transient phenomenon, influenced by the dynamic behavior of the in-
jector.

o High operating pressure and temperature, that may damage the exper-
imental equipment.

o Large density ratio (and differences in other properties) between air and
liquid.

The most common experimental techniques employed in the study of noz-
zle flow are injection rate [6] and momentum flux measurements [7], which
allow (together with some other techniques) fully hydraulic characterization
[8]. All of them give integral parameters. Transparent nozzles and visualiza-
tion techniques have also been used for years in order to obtain local values
and profiles inside nozzles [9, 10]. However, simplified geometries and non-
realistic injection conditions are used every time. A famous example of that is
the work of Winklhofer et al. [11], who used a two-dimensional and rectangular
transparent channel to study cavitation regimes.

Regarding the spray, Mie scattering [12, 13], Diffused Back-light Illumi-
nation (DBI) [14] and Schlieren and shadowgraph optical techniques [15] are
widely employed by the engine community to study the spray macroscopic
characteristics (such penetration, angle or liquid-length). Experimental as-
sembly and light path uncertainties, limited image and time resolutions, and
post-processing criteria limit the capabilities of these techniques, specially in
the dense part of the spray. Tomography and X-ray measurements [5, 16] over-
come some of the difficulties and are able to give some reliable information
inside the nozzle and in the near-field. In terms of microscopic characteris-
tics, such droplet size or velocity profile, Phase Doppler Interferometry (PDI)
[17] and Particle Image Velocimetry (PIV) [18] are the most used techniques,
though they are limited in the range of size and velocity which are able to
measure.

Therefore, computational techniques are extremely useful to study the
fundamental processes taking place inside the nozzle and right at the exit of
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the orifice. And this is why Computational Fluid Dynamics (CFD) techniques
have grown that much in the engine field for the last 20 to 30 years.

This Thesis is part of that trend. A new CFD model is used to study
the flow inside the nozzle and its relation with the first millimeters of the
spray. The main advantage of the developed model is that allows to simulate
internal and external flows, which have very different time- and length-scales,
seamlessly, thus reducing uncertainties on boundary conditions. Furthermore,
the use of a free and open source software with multiphase models still under
development is an additional challenge to the objectives of this Thesis and a
great opportunity to obtain a model that, one day, can be quite useful for the
engine industry.

The Departamento de Maquinas y Motores Térmicos at Universitat
Politecnica de Valéncia, where the present investigation was carried out, has
a long research history in the field of fuel injection and combustion [7, 10,
19-26], despite other topics. From the computational point of view, Salvador
[8] used a commercial CFD software together with experimental tools to study
the influence of cavitation phenomenon on the development of the Diesel spray.
Martinez-Lépez [27] continued Salvador work and used an open source code
to study the influence of partial needle lifts on the internal flow and cavita-
tion process. Concerning the fuel spray, Pinzello [28] combined CFD with
phenomenological models to analyze fuel injection and combustion processes.
His work was improved by Chévez Cobo [29], who added a combination also
with one-dimensional models. Additionally, Laborda [30] moved a step for-
ward and used engineering Large Eddy Simulations to simulate Diesel sprays.
Finally, there are other two investigations which are directly related to the
present one. First one, carried out by Dung [31], consists of an evaluation
and validation of an Eulerian-Lagrangian Spray Atomization (ELSA) model
by comparison of CFD results with experimental data. The second research
has been developed at the same time than this one by A. Pandal, and his Ph.
D. Thesis is going to be published soon (an example of his work is given in
the work of Garcia-Oliver et al. [32]). It deals with the evaporation process of
the liquid spray under an Eulerian framework.

1.2 Objectives and methodology

Understanding and being able to predict fuel break-up during the injection
process is a key step in order to improve air-fuel mixing and hence reduce the
fuel consumption of an internal combustion engine. Many experimental and
computational studies have been carried out for decades with this objective.
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Liquid atomization or break-up is usually modeled through a Discrete
Droplets Model (DDM) under a Lagrangian framework. This approach,
though commonly used nowadays [33, 34], only works accurately in absence
of liquid ligaments, and if droplets are dispersed.

However, Vallet et al. [35] developed an Eulerian model able to use the
advantages of an Eulerian framework for the dense part. Some authors mod-
ified that model by adding a switch to a Lagrangian framework when liquid
droplets are dispersed enough, creating what is called the Eulerian-Lagrangian
Spray Atomization (ELSA) model [36, 37]. On the other hand, some other
authors kept the Eulerian approach and improved some of the aspects of the
original version, creating the ¥ —Y model [32, 38-40].

From another point of view, it is well known that the nozzle geometric pa-
rameters have a great influence on the spray behavior [41, 42]. Thus, coupling
internal and external flow simulations of the Diesel injection process leads to
a better representation of reality and therefore better understanding of the
physics involved. Coupling is usually done by a two-step methodology [33,
43], transferring spatial and temporal distributions of all fields (velocity, tur-
bulent kinetic energy, dissipation rate, void fraction...) from the internal flow
simulation to a primary break-up model which uses them to initialize droplet
properties (size, velocity, etc.). Some information is lost in this coupling pro-
cedure, as well as the effect of the discharge vessel conditions on the nozzle
flow.

Then, a model capable of seamlessly simulating internal and external flows
seems necessary. Thus, internal flow parameters, which are key to determine
the atomization at high Webber numbers, could be somehow considered. Its
development is the main objective of this Thesis. Nonetheless, that is a very
ambitious objective and some simplifications are required. For this first at-
tempt, the most important simplification is that only two-phases, liquid fuel
and ambient gas, are modeled. Then, phase changes processes such cavitation
or evaporation are not considered. Second simplification is assumed mainly
to reduce as much as possible the complexity of the computational model:
needle movement is not modeled, the needle position is kept fixed in every
simulation. Therefore, this work presents an Eulerian model, which is the
best approach to study dense mixtures. That model is capable of simulating
the internal nozzle flow and the liquid vein atomization in the same domain
(at the same time). Liquid atomization is modeled through a diffusion law,
and phenomena such liquid compressibility and heat transfer are also included
in the model.
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Many challenges are associated with simulating realistic turbulent atom-
ization, such as the multiplicity of length and time scales of the turbulent
flow field and gas-liquid interface, discontinuous fluid properties and pressure
at the phase interface, high density ratios that degrade numerical robustness,
and complex shapes of spray injectors [44]. Previous progresses in Eulerian
spray models made the development of this Thesis possible. Until now, there
was no existing computational tool which could be applied to both types of
flows, internal and external. Furthermore, no one else before attempted to
simulate the whole spray at once. The relatively short experience of CMT-
Motores Térmicos, where the present Thesis is carried out, with this type of
spray models was also essential to ensure the success of the present work [32,
45].

The skeleton to build the new model, so called Eulerian Spray Atomization
(ESA) model, is OpenFOAM ®, an object-oriented, free, open source CFD
software package developed by OpenCFD Ltd. It has a large user base across
most areas of engineering and science, from both commercial and academic
organizations. By being open, OpenFOAM offers users complete freedom to
customize and extend its existing functionality. It follows a highly modular
code design in which collections of functionality (e.g. numerical methods,
meshing, physical models. .. ) are each compiled into their own shared library.
Executable applications are then created that are simply linked to the library
functionality.

With the brand new developed ESA model it is possible to obtain some
unique results, such the influence of a single internal nozzle geometrical pa-
rameter into the spray formation or the effect of changing one of the properties
of the fuel. Spray near-nozzle field is the focus of this Thesis, just because
that is the area where DDM Lagrangian models lack of accuracy.

1.3 Thesis outline

This Thesis deals with the development of a model which is able to predict
the internal flow pattern together with the spray structure, in other words,
the spray break-up. To do so, it is required the combination of some existing
tools and libraries with a few new sub-models. CFD software OpenFOAM,
which is free and open source, is the base where all equations are assembled.
The development process and details of the final model are presented in this
document.

After this brief introduction (Chapter 1), the injection process is discussed
in the context of Diesel engine and the critical requirement presented together
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with trends and technological development. This forms Chapter 2. It starts
describing the key aspects of the Diesel engine and the common-rail system,
but focuses on the flow characteristics inside the nozzle (internal flow) and
outside the injector (Diesel spray). Phenomena that take place during an
injection, such cavitation of liquid break-up, are also described, at least what
is known at the time this Thesis is being written.

Following this fundamental chapter, a deep review of techniques available
to model the spray formation and evolution is given in Chapter 3. Method-
ologies that have been employed by other authors for years are described and
analyzed, so advantages and drawbacks are known. The main intention of
this review is to select the approach to study the full injection process, from
upstream the needle to the air-liquid mixture formation. Homogeneous flow
model turns out to be the best way of study the different time- and length-
scales that occur in the Diesel injection process.

However, some sub-models are required to calculate the flow behavior,
for example, the dependency of the liquid properties on the thermodynamic
variables (pressure and temperature). This and the rest of the sub-models
that have been used or developed are explained in Chapter 4. Not only the
equations and sub-models are studied in this chapter, also the structure of the
solver: order of the equations, loops to solve them, updates positions, etc.

Every new model needs validation. Chapter 5 attends this requirement.
In first place, verification assessment is done by comparing results obtained by
the model with analytical and high accurate solutions of simplified problems.
Secondly, the model is used to replicate a large experimental database with
the aim of completing the validation assessment. Thus, strengths and flaws
of the model are highlighted. All experimental trends are well reproduced by
the model but the transients, concretely, the opening of the injector.

Chapter 6 presents the first set of results. They are related to the numerics
and parameters of the code. The objective of this chapter is to improve the
accuracy and the computational cost of the model. Then, results are compared
with high accurate DNS results to check the effect of numerical schemes. Those
DNS results are also used to adjust some constants of the atomization model.
At the end of the chapter, a D-optimal design of experiments is carried out
to minimize the differences between the model and the experiments in spray
penetration at short times after start of injection.

Up to that point, the model can be used to obtain some unique results.
Chapter 7 displays the spray metrics, i.e. discharge coefficient or spray pene-
tration, for different geometries and injection conditions. Though the analysis
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is performed following the classical approach of splitting the injection pro-
cess into internal and external flows, it is important to keep in mind that the
solution is only one. Then, effects of changing internal parameters can be
easily seen in the spray. This model also allows to study the influence of fluid
properties one by one, for example, changing only its density or its viscosity.

The last chapter, Chapter 8, draws the main conclusions of this Thesis
contrasting all the new information brought indicating the possible directions
in which to orient to future studies.
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Chapter 2

Fundamentals of direct
injection in Diesel engines

2.1 Introduction

Direct injection in the Diesel engine is, from many years ago, the most em-
ployed way to introduce the fuel in the combustion chamber [1]. This method
imposed itself as the dominant technology in diesel engines thanks to the
substantial increase in efficiency and reduction in size of the engine head, con-
sequent to the elimination of the pre-chamber. However, by definition, the
fuel has to mix and ignite directly within the combustion chamber: this fact
has represented the main drawback of this system pushing to a continuous
innovation in the technology as well as strategies.

In this chapter, the fundamentals of the direct injection are described
highlighting the critical achievements that led to more performing injection
systems. The short summary presented refers to a global understanding result
of decades of research and well-established results obtained in the field of Diesel
engines [1]. As the most important element of the Diesel injection system, the
performance of the injector is explained in detail. The accuracy in the control
of the injection parameters (e.g. injection pressure) and the flexibility of the
injection system oriented to the extension of the available injection strategies
are the key points in that topic.

Furthermore, in order to improve the quality of the air-fuel mixture and
then the combustion efficiency, the dynamics of the spray formation should

15
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be completely understood. Due to the implicit turbulent nature of the atom-
ization process and to the transient character of the spray formation (small
length- and time-scales), the spray formation is a very complex phenomenon
that still remains the real cornerstone of the success of the Diesel injection. A
summary of the physics involved in the this complex process is given also in this
chapter, dividing the study in two: phenomena associated to the flow inside
the injector nozzle (internal flow); and phenomena associated to the breaking
of the liquid core, droplet formation and evaporation (external flow).

2.2 Diesel injection systems

The fuel delivery system of an engine must accomplish the following general
tasks or goals:

e Deliver the required amount of fuel into the combustion chamber at the
appropriate time, synchronized with the movement of the piston engine.
These aspects determine the development of the different phases of the
combustion process [2].

e Mix the fuel with the compressed air in a fast and efficient way.

e Enhance the atomization phenomenon in order to increase the air-fuel
interface surface and then accelerate the fuel evaporation process.
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(a) Indirect injection (b) Direct injection

Figure 2.1: Sketch of an indirect and a direct injection Diesel engine.
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According to how the fuel is delivered into the combustion chamber, in-
jection systems can be classified in two categories: indirect injection (IDI)
and direct injection systems (DI). An indirect injection engine, sketched in
Figure 2.1a, delivers fuel into a chamber off the combustion chamber (placed
at some point before the intake valve), called a pre-chamber, where the com-
bustion begins and the spreads into the main combustion chamber. In direct-
injection engines, sketched in Figure 2.1b, the fuel is directly injected into
the combustion chamber, and this fact creates a tide link between the in-
jection event (air-fuel mixing) and the heat released during the combustion.
Therefore, the performance of the fuel delivery system in general and more
concretely of the injector is one of the key aspects in a DI engine design.

Figure 2.1 also shows main differences in the piston head for this two type
of engines. Low turbulence levels are found inside DI engine cylinders due
to low air velocities through the intake valve (about 25 m/s). Thus, the
shape of the piston head for DI engines plays an important role in the air-fuel
mixing by increasing the swirl of the air flow inside the cylinder. Nonethe-
less, the convective field of the fuel and not the air is the main responsible
of the mixing, and this leads towards more advanced injections systems to
enhance the fuel atomization by the use of, for example, multi-hole nozzles
with orifice diameters around 0.1 mm and very high injection pressure, even
greater than 200 MPa. On the other hand, in IDI engines, the air moves
from the cylinder to the pre-chamber during the compression stroke, forming
a turbulent vortex due to the geometry of the chamber, which stimulates the
air-fuel mixing. Injection conditions (fuel inlet velocity, liquid distribution,
exit orifice diameter...) are not as relevant in IDI engines as in DI engines,
and therefore single-hole nozzles with orifice diameters around 1 mm and low
injection pressures (20 — 40 MPa) are used.

Lower surface/volume ratio, then lower heat losses, and absence of air
pressure losses when it moves through orifices lead the DI systems to a higher
efficiency. And because of this, IDI systems fell into obsolescence [1].

2.2.1 Diesel direct injection systems

Among the Diesel DI systems nowadays available in the market, the most
employed ones and their main characteristics are listed below:

¢ Rotary pump: first in history combustion-ignition DI systems, they are
compound by a high-pressure pump which delivers the fuel to an injector,
whose only purpose is the atomization of the fuel. The main drawback
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of this type of injection is the lack of regulation of the injection pressure,
which depends only on the engine speed. Thus, keep a constant injection
pressure for a certain period of time is not possible.

o Unit injector: the pump and the injector are included in the same device,
placed at the cylinder head. The pump plunger is driven directly by the
camshaft. The start of injection (SOI) and the injection duration are
controlled by a solenoid valve located inside each injector. Being able to
electronically control the system by the Electronic Control Unit (ECU)
together with the high injection pressures reached in this system are the
main advantages.

e Unit pump: is an alternative to the previous system in which the pump
and the injector are connected through a short high-pressure pipe. This
system also allows obtaining high injection pressures and control the SOI
and the injection duration with a solenoid valve located at each pump
of each cylinder.

o Accumulation system (common-rail): is based on accumulating fuel at
high pressure in a volume located between the pump and the injector,
where it is stored until injected. The pump, driven by the crankshaft,
just delivers the required mass flow meanwhile the injector manages the
air-fuel ratio and atomization of the fuel.

The common-rail is currently the most employed injection system in Diesel
engines, nearly in the totality of the automotive applications and in most
of the Diesel engine in general. In fact, at the current state of maturity,
it is the system that matches the most the requirements of the automotive
market [3] that, due to the variability of the working conditions typical of this
applications, requires an extreme flexibility of the injection system.

2.2.2 Common-rail Diesel injection system

Figure 2.2 represents the main components and layout of a typical common-rail
system [4]. A low pressure pump, generally placed in the fuel tank, feeds the
fuel to the high-pressure pump. This second pump, mechanically connected to
the engine (the crankshaft), provides a certain fuel mass flow rate abundantly
higher than the average one required by the engine. The fuel is directed to
the rail, which is connected to the injectors. A flow valve combined with a
pressure sensor control the pressure of the fuel in the rail, diverting part of
the fuel that is not injected to the fuel tank.
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Figure 2.2: Components and layout of a typical common-rail system.

In this way, a relatively high fuel volume (rail and high-pressure pipes) is
maintained at high and constant pressure. The rail acts like an accumulator
limiting on the one hand, the fluctuations related to the high pressure pump
and, on the other hand, the pressure drop occurring at the opening of one of
the injectors [4]. The injectors, connected to the rail through short high pres-
sure lines (typically 100 — 200 mm long), are actuated independently by the
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ECU. Third generation common-rail Diesel engines now feature piezoelectric
injectors for increased precision, with fuel pressures up to 300 MPa [5].

The fundamental advantage of this injection system is the fact that the rail
pressure and the timing of the injectors opening and closing are completely
released by the engine operating conditions and it is controlled electronically.
In fact, a part from the rail pressure, the ECU is connected to a wide number of
sensors (i.e. engine speed, throttle position. .. ), providing information needed
to understand the particular working condition of the engine. Additionally,
the possibility of controlling independently the pressure of the fuel and the
injection timing allows to adapt the most suitable injection strategy for each
condition, topic which is still an ongoing research [6, 7).

Therefore, the common-rail system, with respect to other technologies de-
scribed in previous sections, presents the following benefits:

e more control on the start and duration of the injection;

e accuracy on the injected mass;

o release the injection system from the engine operating condition;
e maximize the control on the mass flow rate.

2.2.3 The common-rail Diesel injector

Among all elements mentioned in previous Section §2.2.2 and represented in
Figure 2.2, the injector is certainly the most complex organ of the common-
rail system. Main elements composing a common-rail injector are shown later
in Figures 2.4 and 2.5 and can be branched in the following main components:

o Injector nozzle. The injector nozzle generally has several orifices (typi-
cally from 5 to 10 in automotive applications). In this branch, the needle
is also included, which has the function of controlling the fuel through
the nozzle orifices.

e Connecting rod. The connecting rod transmits the movement from the
servo-actuated circuit to the nozzle needle. The top of the needle pushes
against the bottom of this component.

e Servo actuated system. This mechanism is composed by an actuator
(solenoid or piezoelectric), a fuel valve and a control volume. This is the
core of the injector and allows to generate the forces needed to move the
needle effectively during the injection.
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The schematic presented in Figure 2.3 [8] illustrates the working principle
of the servo actuated injector highlighting the different phases of the injector.
The fuel, coming from the rail through the high pressure line, is divided into
two channels right after the entrance: one goes down toward the nozzle and
the other goes to the control volume. The control volume, located at the top of
the connecting rod, is endowed with two calibrated orifices: one connected to
the injector entrance and the other to the low pressure return line; the fuel flow
through this second channel is controlled by the solenoid/piezoelectric valve.
When the solenoid/piezoelectric crystal is not activated (rest condition), the
valve is closed and no flow can exit from the control volume. Consequently,
the fuel pressure in the control volume is equivalent to the fuel pressure in
the feeding line, and since the area at the top of the connecting rod is higher
than that of needle, the resultant force pushes the connecting rod and then
the needle toward the nozzle, closing all orifices. Even without pressure, this
position is maintained by a preloaded spring.

1=l
Control =
L volume
| outlet
Auxiliary
lines
PACAN
Rest condition/ Opening/ Closing
closed injection

Figure 2.3: Working principle of a typical common-rail injector.

Once the solenoid/piezoelectric crystal is activated, the valve opens and
the fuel flows through the outlet of the control volume. Due to the specific
design of the calibrated orifices, the fuel flow generated causes a significant
decrease of pressure in this region of the injector. As a consequence of that, the
pressure at the top of the connecting rod is lower and the high pressure at the
bottom of the needle makes the connecting rod and the needle go up. Once the
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needle is lifted, the fuel can flow through the orifices and the injection starts.
When the solenoid/piezoelectric crystal is deactivated, the flow through the
control volume stops, causing the fuel pressure to rise again and leading the
forces acting on the connecting rod and the needle to the initial conditions.
This pushes the needle down until its seat, blocking the fuel flow through the
orifices and thus ending the injection.

Different solutions have been implemented during the last years, improving
the accuracy and the rapidity of the injector actuation. In particular, the
reduction of the inertia of the connecting rod (even dispense with it) and needle
system and the effectiveness of the actuator allowed to reduce significantly
the time lag between the electric signal and the injection event, allowing the
implementation of a higher number of injections during each cycle.

Solenoid driven injectors

Main components of a solenoid injector are shown in Figure 2.4: the electro-
magnetic valve, the injector holder (which includes the high pressure fitting,
the fuel return line, the filter, the body, the spring and the rod) and the nozzle.

Fuel return

Fitting and filter

Servo actuated system

Figure 2.4: Main components of a solenoid driven injector. Image of a Bosch
CRI2-20 injector.

By the time an injection is required, the ECU sends an electric pulse whose
width defines the injection duration and then the injected mass. That pulse
excites a coil, generating an electromagnetic field which induces an upward
force over the servo actuator rod (see Figure 2.3, rod-ball assembly over the
control volume outlet), then opening the valve. When the electric pulse ends,
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the rod of the servo actuator goes back to its resting position, closing the
valve.

Piezoelectric driven injectors

Figure 2.5 shows the internal components of this kind of injector: the piezo-
electric valve (which consists of the piezoelectric actuator, the hydraulic am-
plifier and the control valve), the injector holder (which includes the high
pressure fitting, the fuel return line, the filter, the body and the spring) and
the nozzle.

Fuel return

Servo actuated system
Fitting and filter

Spring

Figure 2.5: Main components of a piezoelectric driven injector. Image of a
Bosch injector family.

The piezoelectric effect allows to replace some of the mobile elements and
the connecting rod by a piezoelectric crystal which is compressed or expanded
in function of the applied electric field. The working principle is the same,
but it is the piezoelectric crystal, and not the solenoid valve, which opens or
closes the outlet orifice of the control volume. Then, the main advantages of
this type of injector are:

o Fast response to opening and closing signals. This allows multiple injec-
tions strategies which are associated to a reduction in noise and emis-
sions.
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o High accuracy. The piezoelectric crystal allows needle displacements
of the order of magnitude of nanometers just by changing the electric
tension applied to it.

e Absence of attrition after millions of cycles.

There are other mechanical differences. Unlike the typical solenoid injector
whose control volume has two active orifices, one inlet and one outlet, the
piezoelectric injector control volume has three, one outlet and two inlet, and
the outlet orifice also works as an inlet. Furthermore, the control volume
is placed directly over the needle, which improves the dynamic response of
the injector and facilitates the introduction of multiple injection (up to eight
consecutive injections).

When the actuator is activated, it expands, displacing the amplifier pis-
ton, which compresses the fuel located between the lower part of the amplifier
piston and the upper part of the command piston. The shape of the volume
between the piezoelectric-actuator and the amplifier piston amplifies the ver-
tical displacement of the system, opening the upper seat of the control valve
and closing the lower one. At these conditions, the decrease in pressure in the
control volume causes the movement of the needle and the consequent start
of injection.

Further improvements in Diesel injectors

Despite the injector performance improved considerably, previously described
injectors can work only in on/off mode, allowing a high control on the injection
timing and duration, but leaving the shape of the mass flow rate profile a
dependent parameter, related above all to the injection pressure. Even if the
pressure in the rail is a well controlled parameter, it is difficult to adjust
this quantity in cycle-to-cycle timing, and even more, to have a control on it
capable of modifying accurately the shape of the injection rate profile.

The hydraulic amplifier or piston amplifier system allows a partial mod-
ulation of the mass flow rate during the injection. This solution, called from
Bosch Hydraulic Amplifier Diesel Injection System (HADIS) [9, 10] has been
adopted by different manufacturers (e.g. Bosch, Delphi) and allows to inject
fuel at two different pressure levels: the rail pressure and a higher pressure
obtained thanks to the action of a piston amplifier. However, the complication
of the system, together with the limited flexibility generated, limit the appeal
of this solution [10].

A similar system has been adopted by Caterpillar in the so called HEUI
system (hydraulically acutated, electronically controlled unit injector) [11]. In



2.2. Diesel injection systems 25

this system, a fuel high-pressure pump is combined to the availability of high-
pressure oil. As in the previous system, the injector can work in non-amplified
mode at the line fuel pressure, and in an amplified mode, in which case the
amplifier piston is activated by the oil and its movement can be modulated
thanks to the actuation valve. The implementation of this system is limited
by the need of high pressure oil, that is normally not available in automotive
vehicles.

In comparison to conventional servo hydraulic actuated technology, the
direct acting system proposed by Delphi in their DFI3 generation eliminates
the usual four step servo hydraulic actuated concept down to a single step: the
direct actuation of the needle through a hydraulic amplifier by a piezoelectric-
ceramic actuator [12]. Unlike a servo actuated injector, the force change
needed for the needle opening is provided by a piezoelectric-actuator that
is decoupled from the rail pressure supply. It is therefore possible to adapt
the force change delivered by the actuator electronically as required. More-
over, this injector contains an internal volume of fuel and does not have any
back-leak, which simplifies the installation and eliminates the need for fuel
return lines and inter-coolers even when operating at 200 MPa. Thanks to
this configuration, the maximum needle speed is increased from 1 m/s to
3 m/s. Besides, the needle speed is not dependent on rail pressure and so it
is maintained even at very low rail pressure [12].

The Continental direct-acting (CDA) injector has the outstanding fea-
ture to set into motion the nozzle needle by the direct coupling between the
piezoelectric actuator and the nozzle needle itself. Opposite to the solution
presented by Delphi, the CDA provides a mechanical coupling between the
piezoelectric crystal and the nozzle needle through the introduction of a lever-
age system. The leverage system has the function to overcome the limited
deformations of piezoelectric actuator, amplifying them and causing a larger
displacement of the needle. Thereby, the limiting open-close working mode is
extended to a variety of controlled needle movements. Both the intrinsic fast
time-response of the piezoelectric crystal actuator and the capability of the
ECU to generate complex electric signals, promise to control accurately the
needle position and to throttle the fuel flow through changes of the electronic
signal to the injector [13]. However, if the injection pressure varies, the voltage
applied to the piezoelectric crystal needs to be adjusted to obtain the same
lift; and when the temperature of the crystal increases the related deformation
of the actuator lowers, so the injector temperature control has to be accurate
[14].
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2.3 Internal flow

In order to fully understand the air-fuel mixing process in Diesel engines, it
is necessary to know the flow conditions inside the nozzle because they define
the behavior of the spray. The fuel hydrostatic energy stored in the rail forces
the fuel to flow through the injector and eventually enter in the combustion
chamber through the nozzle orifices. Processes taking place in this phase fall
in the forced internal flow category since the fuel is forced to move through
the injector channels and valves by a pressure difference. The transformations
involved are mainly variation in pressure and velocity, energy dissipation and
is some cases the formation of fuel vapor due to the presence of regions at
very low pressure (cavitation).

2.3.1 Forced internal flow

The Bernoulli equation (Equation (2.1)), that can be considered as a state-
ment of the energy transport equation applied to the non-viscous flow of in-
compressible fluids, is generally presented as a starting point to face forced
internal flow problems:

2
P u
-+ — = t. 2.1
p+2+gz cons (2.1)

Three characteristic terms can be distinguished in Equation (2.1): the
elevation gz, normally neglected in automotive applications since the elevation
differences are modest; the pressure p/p; and the dynamic pressure 0.5u?/g.
Nonetheless, the transformation from potential to kinetic energy is incomplete
without any viscous dissipation ®,;s., a term which cannot be neglected in
real applications. The term ®,;. accounts the total viscous losses of the
flow and is the responsible of the pressure losses observed when a real fluid
flows in a pipe. The determination of this term is always complex and many
studies in the past were and are carried out to characterize it [15-17]. The
quantity @, is the result of the sum of two terms: the minor losses @ ysc,m
and the major losses ®,;s. 7. The minor losses, also called singular pressure
losses, are related to sudden changes in the shape or in the direction of the
channel driving the flow. In these cases, the fluid cannot completely follow
the internal shape of the channel and a separation of the boundary layer may
occur. This separation results in the apparition of a recirculation zone that
restrains the flow in a smaller section, commonly called vena contracta. This
restriction makes the flow speed up and then slow down around the vena
contracta causing energy dissipation and eventually pressure losses. These
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minor losses can actually be significant due to the complex geometry of the
injector channels [17]. The pressure drop related to a minor loss is normally
expressed as in Equation (2.2), where £ is the minor loss coefficient and ranges
from 0, when there is no loss, to usually 1, which means that the pressure drop
is equal to the dynamics pressure. Note that the minor loss coefficient can
also be greater than 1 for some specific case.

2
u
Apm'sc,m = 5,0? (22)

In order to predict accurately the pressure losses, the flow regime has to
be identified to know which theory has to be applied in the studied case [15,
16]. Two flow regimes are commonly identified: laminar and turbulent, which
are distinguished for specific values of the Reynolds number. The Reynolds
number, defined in Equation (2.3) where L is a typical length scale in the
system, is a dimensionless parameter that gives a measure of the ratio between
inertial and viscous forces.

Re = % = % (2.3)
7 v

For cylindrical straight ducts, internal experimental observations show that
the flow is laminar for values of Reynolds number below Re =~ 2300 and
turbulent values above Re ~ 4000. The interval Re € [2300,4000] is considered
as a transition regime where both laminar and turbulent regimes are possible
and occur intermittently, depending on the pipe roughness. Nonetheless, care
must be taken with respect to this definition because it appears to be valid only
for fully developed flows. In fact, when there are changes in the pipe section,
the perturbations in the flow are generated and protracted for a certain length
(several diameters) called flow development length. This distance needed to
get stabilized flow also depends on the regime (laminar or turbulent) and needs
different equations or coefficients to be studied for each specific perturbation.

On the other hand, the major losses are induced by the friction of the
fuel on walls and they depend on the length of the considered channel. The
pressure drop related to the major loss is defined by Equation (2.4), where
Kfrc is the friction coefficient and in this case L is the length of the pipe, that
depends on the Reynolds number and wall relative roughness.

L u?

Apm’sc,M = kfricﬁp? (2‘4)
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To evaluate kfq., the flow regime again must be known. In the case of
fully developed flow in laminar regime and neglected surface roughness, Equa-
tion (2.5) is used. In turbulent regime, the interaction between the fluid and
the wall changes, as well as the velocity profile, so the surface roughness effect
has to be taken into account.

64

= (2.5)
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The Colebrooke’s Equation (2.6) [15] presents an analytical solution of the
friction coefficient, where e, /D is generally referred as the relative roughness.

I ol 2.51 N er/D (2.6)
ke 8\ ReEps ) T 372 ‘

The theory presented for circular sections can be extended to other shapes
using the equivalent diameter D,, concept.

2.3.2 Upstream the injector nozzle

Before reaching the injector nozzle, the fuel stored in the rail has to pass
through the high pressure feeding line and then the hydraulic circuit within
the injector (see Sections §2.2.2 and §2.2.3). In these transformations from
potential to kinematic energy, the fuel normally does not experiences im-
portant pressure losses, but the accurate design of this part has important
consequences on the dynamic of the system [17]. Normally, the feeding line
internal diameter is about 3 mm, ant its length depends on the injection sys-
tem arrangement (typical values in passenger cars from 300 to 700 mm). The
velocity of the flow in the feeding pipe is about 5 — 8 m/s, corresponding to
a Re~ 10*. Calculating the pressure drop with the methodology described in
previous Section §2.3.1, the pressure drop is expected to be less than 0.3 MPa.
This value, compared with the total available pressure drop, typically in Diesel
engines ranging from 30 MPa to 300 MPa, is negligible. However, the correct
design of the feeding pipe is important, for example, the time required for a
pressure wave to travel through the line is around 0.4 ms, that is of the same
order of magnitude of the injection duration [18]; moreover, the propagation
of pressure waves could have repercussions on the injection process as well as
on the following injection in the case of multiple injections [17].

Normally the fuel flow within the injector is estimated performing simu-
lation with 1D models [4, 17-20]. The characterization of the flow within the
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injector becomes important in the phase of injector design when, for example,
the size of the apertures of the control volume has to be decided. The correct
design of the hydraulic circuit of the injector together with the reduction of
the moving components are the keys for a fast response of the injector. More-
over, the design of the injector internal channels can generate pressure waves
that are eventually reflected by oscillation of the mass flow rate [18].

2.3.3 Geometry of the injector nozzle
Needle seat

The needle interference with the flow is traditionally considered limited or
negligible since in the steady conditions the needle lift is sufficiently high
to neglect its interference with the flow. In conventional injectors, save the
transient phases at start and end of the injection, the needle is fully lifted and
the relatively wide cross-section area at the needle seat makes the restriction
caused by the needle very low. However, due to the tendency in reducing
the injection duration by separating the event in several pilot, main and post
injections, the transient at intermediate needle lift are catching the attention
of the engine community. In this sense, specific studies have been performed
to asses the effect of the needle seat type on the spray development [21], the
needle position [22] and even the three-dimensional needle movement [23-25]
during the last years.

Nowadays, there are two main typologies of needle seat types employed in
commercial injectors: valve closed orifice (VCO) and micro-sac. As shown in
Figure 2.6, VCO orifices inlet lay on the needle-nozzle contact surface, while
in micro-sac nozzles the sealing of the needle is performed upstream of the
orifices, in other words, the orifices inlet is placed in a specific volume called
sac.

Needle

Needle
seat

Orifices

Sac
Micro-sac vCO

Figure 2.6: Example of two different needle set types.
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The VCO nozzle has a faster response and higher accuracy in the amount
of fuel delivered. Once the needle is lifted the fuel flow directly through
the orifices. However, during opening/closing transients, the position or the
eccentricity of the needle strongly influences the fuel flow and it often results
in asymmetric fuel flow and uneven distribution of the mass around the nozzle
[26].

The sac nozzle is designed to avoid that problem of asymmetry, however
the residual fuel that, after the needle closing, remains into the sac can result
in fuel dripping and consequent increase of unburned hydrocarbons and soot.
For that reason, the volume of the sac is strongly limited and the current
tendency is to reduce it to a micro-sac.

Nozzle orifice

The nozzle orifices are the part of the nozzle where the fuel potential energy
due to the pressure is transformed in kinetic energy, accelerating the flow
before entering into the combustion chamber. Microscopic features of the
orifices are strictly related to the Diesel spray characteristics [27, 28] and
therefore to the air-fuel mixing process.

Figure 2.7 schematically defines the main features of a typical orifice that
can be found in a modern direct injection nozzle: inlet and outlet diameters,
D, and D, respectively, orifice length L, and entrance radius r.. From these
dimensions, some dimensionless parameters can be defined, which characterize
the shape of the orifice:

« length to outlet diameter ratio: L/D,;
« entrance radius to inlet diameter ratio: r./Dj;
o inlet to outlet diameter ratio: D;/D,.

L

Figure 2.7: Geometric parameters to define the nozzle orifice.
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The last ratio gives the conic shape or convergence (or divergence) of the
orifice, and it is equal to unity for cylindrical nozzle. Though, the common
parameter to determine the convergence of an orifice found in the literature
is the k — factor defined in Equation (2.7) [29]. Nevertheless, this parameter
presents the disadvantage of not taking into account the absolute outlet orifice
diameter.

D; — D,

k — factor = ———
factor 10 [y

(2.7)

Another parameter sometimes used to measure the convergence of the
orifice is the area reduction AR, defined in Equation (2.8) [30].

A;—A, D?-D?
AR = ——— = == (2.8)
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As it is explained in next sections, these and more geometric parameters,
i.e. the number of orifices, have a strong effect on the characteristics of the in-
ternal flow. Notwithstanding, the study of the flow inside the nozzle presents
great difficulties due to its very small size and to the highly transient nature
of the injection process. Therefore, uncertainties/defects inherent of manu-
facturing and hydro-erosive grinding! (HEG) processes might be relevant. An
effort has been made by the research community in order to develop nonde-
structive experimental techniques to accurately obtain the nozzle geometry.
On one hand, Macian et al. [30] use a silicone mold of the nozzle together
with a Scanning Electron Microscope to obtain the images and a CAD soft-
ware to measure the geometric parameters from the images. The errors with
this technique are between 0.5% and 1%. On the other hand, Lee et al. [31]
use phase-enhanced high-energy x-rays to visualize the internal structure of
the nozzle, allowing to observe irregular features which cannot be visualized
by any other nondestructive technique, i.e. the wall roughness. X-ray tomog-
raphy technique can also be used to measure the needle movement inside the
injector [32].

Influence of nozzle geometry on the internal flow

Length to outlet diameter ratio: L/D,

If there is not cavitation, an increase of the L/ D, ratio induces higher losses
due to wall friction. Lichtarowicz et al. [33] compared several results under

'Hydro-erosive grinding is a process for increasing the radius of an edge by flowing an
abrasive fluid through. This process can calibrate the holes to flow a certain static flow rate.
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non-cavitating conditions and confirmed that the maximum discharge coeffi-
cient obtained at high Reynolds number (see next Section §2.3.4) decreases
as the L/D, ratio increases. On the other hand, an excessive reduction of
the L/D, ratio (L/D, < 2) causes a reduction of the discharge coefficient
due to flow detachment at the entrance. Moreover, an increase in this ratio
reduces the possibility of the appearance of cavitation. In fact, a higher major
pressure loss due to an increase of L/D, brings as a consequence that, for
similar discharge pressure and mass flow, the pressure at the orifice entrance
is higher, thus leading to a lower probability of reaching the vapor pressure.

Entrance radius to inlet diameter ratio: r./D;

The main case of pressure losses at the orifice is the separation of the
boundary layer produced by the high velocity of the fuel combined with a
sudden change in the flow direction. The introduction of a curvature at the
entrance of the orifice helps mitigating the detachment of the boundary layer.
This reduction of the pressure losses leads to higher values of the discharge
coefficient but also a decrease of the possibility of cavitation (higher pressure
at the orifice entrance). The introduction of a rounding to the orifice inlet
edge reaches its maximum effect for r./D; > 0.2; from that point the pressure
loss generated is considered negligible [34].

Convergence of the orifice

The convergence of the orifice is the relation between both inlet and outlet
sectional areas. A convergent orifice has the outlet diameter smaller than the
inlet one. A reduction in area produces an increase in velocity for subsonic
flows [35], so in this kind of orifices the acceleration of the flow is not con-
centrated at the orifice inlet as in a cylindrical orifice, but it is distributed
along the orifice length. For this reason, the mean velocity of the flow at
the entrance section is lower than the outlet mean velocity. Therefore, con-
vergence induces a higher pressure at the orifice entrance, leading to several
consequences. Firstly, apparition of cavitation is delayed or even canceled for
all operating conditions [30, 36]. Secondly, a higher pressure at the orifice
entrance means a lower pressure difference with upstream pressure and thus
minor pressure losses. Finally, and as a result from these two consequences,
there is a direct effect on the injected mass. If the pressure loss is lower through
the orifice, the mass flow rate is higher so it is the discharge coefficient. For
these reasons, almost all nozzles implemented nowadays in Diesel engines use
convergent nozzles.
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2.3.4 Hydraulic characterization of the nozzle

In the case of axially centered single-hole nozzles with an axisymmetric orifice,
such the one commonly used for research [8, 37, 38], the flow enters equally
from all directions, but as a consequence of the abrupt change in the direction
the flow detaches at the orifice inlet and form recirculation regions between
the walls and the flow lines (vena contracta), as sketched in Figure 2.8a.

\l | Recirenlation region
—_ = [ =)
N — /(

Vena contracta

Recirculation region  Vena contracta

(a) Axisymmetric nozzle (b) Multi-hole nozzle

Figure 2.8: Main features of the fuel flow through the nozzle orifice.

In the case of multi-hole nozzles, the common ones in commercial appli-
cations, the axis of the orifices form an angle respect to the symmetry axis of
the nozzle [39], so the change in direction is greater but only in the upper part
of the orifice, as shown in Figure 2.8b. However, Salvador et al. [22] proved
that for low needle lift that recirculation region may appear in the lower part
of the orifice.

The detachment is the main cause of pressure losses characterizing the flow
through the orifice. The wall friction of the liquid causes a further pressure
loss that also contributes to the viscous dissipation. Nonetheless, care must
be taken when attempting to calculate these losses. When a fluid is traveling
into a pipe, a sudden change of direction can produce local perturbations and
it takes time (distance) for the boundary layer to be stabilized again. It is
generally considered that it takes several diameters for the flow to be stable.
The exact distance depends, among other parameters, on the regime (laminar
or turbulent), in other words, on the Reynolds number. Equation (2.9) [40]
estimates the stabilization distance in case of laminar flow, where other values
for the coefficient can be found in the literature ranging from 0.03 to 0.06 [41].
If Re = 2000, for example, the length should be around 60 time the (inlet or
outlet) diameter to consider the flow fully developed.

L
5 = 0.03Re if Re < 2300 (2.9)
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When the regime is turbulent, the mixing intensity induced by the turbu-
lence itself makes shorter the length needed to get a developed flow. Equa-
tion (2.10) [41] can be used in this case. As an example, for Reynolds numbers
about 10* — 10°, the length should be between 20 and 30 times the orifice di-
ameter to get a fully developed turbulent flow.

L
5= 4.4Res if Re > 4000 (2.10)

It is clear orifices used in Diesel injectors are not long enough (typically
L/D =~ 4 —10) to get fully developed flow in neither laminar nor turbulent
regime. Thus, the following aspects should be taken into account for the
internal flow analysis:

e the behavior of the flow is directly related to the geometry of the entrance
of the orifice and will affect the flow characteristics, e.g thickness of the
boundary layer (or separation), local pressure losses, etc.;

e since the flow is not completely developed, the limits usually given to
determine if the regime is laminar or turbulent are not valid [42]; as
a consequence, the Reynolds number is not enough to characterize the
flow regime and therefore the intensity of the turbulence;

o fluid mechanics theories based on fully developed flow cannot be applied
in this case, for example, the velocity profiles at the orifice outlet are
not almost constant in the whole section as it would be if flow were
stabilized in turbulent regime, but neither they follow Hagen-Poiseuille
law for laminar regime [35].

Hence, the most common way to analyze the internal flow consists of mean
parameters at the orifice exit and dimensionless coefficients such the discharge
coefficient Cy [21, 32]. This coefficient is defined as the real mass flow to
theoretical mass flow ratio. Theoretically, the mass flow through the orifice
exit can be computed by Equation (2.11), if density and velocity profiles are
known.

mf:/Ap(U-n)dA (2.11)
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Considering the velocity component perpendicular to the orifice exit area
Equation (2.11) can be rewritten as Equation (2.12).

g = /ApudA (2.12)

As discussed earlier in this chapter, it is not possible to know with accu-
racy the axial velocity and the density profiles due to the small length- and
time-scales of the problem [43]. Nevertheless, if the fluid is considered in-
compressible and inviscid (consequently with no boundary layer), the integral
simplifies into Equation (2.13), where uy, (Equation (2.14)) is the theoretical
velocity obtained from Bernoulli’s Equation (2.1).

My = pumAo (2.13)
2AA

ugp = | =L (2.14)
Py

Once the theoretical mass flow ratio is obtained for a particular condition,
the discharge coefficient can be calculated by Equation (2.15).

my my

Cq= = (2.15)

Mfh Ay /2p;Ap

This equation highlights the dependence between the mass flow rate and
the pressure difference inside the nozzle. Moreover, it underlines that the
discharge coefficient is an evaluator of the efficiency of the nozzle in delivering
fuel. When cavitation (see Section §2.3.5) is avoided, the mass flow rate
dependence on +/Ap is linear, while when cavitation appears the mass flow
stops growing, remains at constant value, and then the discharge coefficient
decreases.

Actually, the behavior of the discharge coefficient in orifices has been
deeply studied for the last decades [28, 33, 44-46]. Its evolution with the
Reynolds number is asymptotic, as shown in Figure 2.9. This figure also proves
that the flow regime can also be determined by the shape of the discharge co-
efficient curve: laminar regime if the dependence with Reynolds number is
linear, turbulent if there is not dependence, and transition regime otherwise.

The shape of the curve in Figure 2.9 mainly depends on the geometry of the
orifice. Some empirical expressions have been developed in order to correlate
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Figure 2.9: Example of a typical discharge coefficient evolution as function of
Reynolds number for non-cavitating orifices.

the discharge coefficient with the main geometric parameters described in
Section §2.3.3. Hall [47] proposes Equation (2.16) and discusses the effects of
chamfered and radiused entry.

L 0.8
Cq=1-0.184 (D -1+ 1.11Reo'25> Re™"? (2.16)
o

Nakayama [48] proposes a different equation fitted to experimental re-
sults obtained with rounded and cylindrical nozzles, Reynolds number rang-
ing between 550 and 10000 and L/D ration between 0.799 and 16.520 (Equa-
tion (2.17)). He also analyzes the pressure drop and recovery downstream the
orifice.

5
Res

= 2.17
17-111% + 1.65Re"8 (2.17)

Cq

Lichtarowicz et al. [33] added the asymptotic value, called Cg pqq, as an
input of the equation which depends only on the diameter and not on L/D
ratio (Equation (2.18)).

1 1 20
— = _—— + = (14225D;!
Cq Cd,maw * Re ( * ? )

0.0015D;t

— 2.18
1 + 7.51og? (0.00015Re) (2.18)

In the development of their Eulerian-Lagrangian spray model, Arcoumanis
et al. [49] use a simplification of Lichtarowicz et al. proposal where the last
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term of Equation (2.18) is neglected. There are other computational models
and softwares which also use simplified equations for the discharge coefficient
of an orifice, i.e. AMESIim® [50].

Finally, Salvador [46] gives an expression correlating the discharge coef-
ficient directly with the geometric parameters of a Diesel injector nozzle for
Reynolds number ranging from 5000 to 30000 (Equation (2.19)).

10.7
R60.5

Cy = 0.98 = 0.07 (r; “4ni M1 DL2 AR 00 — (2.19)

As mentioned earlier, the discharge coefficient measures the efficiency of
an orifice in delivering certain fluid, and this includes the wall friction pressure
losses but also losses due to non-uniform velocity profile at the orifice exit and
the cavitation phenomenon when it appears (see Figure 2.10a). Nonetheless,
this complex configuration of losses can be simplified (see Figure 2.10b) con-
sidering that all the fluid is in liquid phase and flows through an effective area
Acg with a constant effective velocity u.g so the mass flow rate is the real one
[43], given by Equation (2.20).

Ty = pyAcfiefs (2:20)
— 0 s
ﬁ%} i
_
a) Axisymmetric nozzle (b) Multi-hole nozzle

Figure 2.10: Effective area and effective velocity definition sketch.

Therefore, losses included in the discharge coefficient can be divided into
two parts, as Equation (2.21) shows: the velocity coefficient C,, takes into ac-
count the energy or pressure loss, whilst the area coefficient C, incorporate the
loss of section due to non-uniform velocity profile, cavitation bubbles reaching
the exit area and flow separation from the wall (hydraulic flip). Accordingly,
the velocity coefficient is defined as the relationship between effective veloc-
ity and theoretical velocity, Equation (2.22), whereas the area coefficient is
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defined as the effective area divided by the geometrical area, Equation (2.23)
[43, 51].

Cy = C,C, (2.21)
C, = 2l (2.22)
Uth
A D2
C, = A—f = D—g (2.23)

A Diesel spray is composed by a number of droplets of different sizes
moving at different velocities, and the momentum of a moving object is the
product of its mass and its velocity, so Equation (2.24) gives the momentum
flux.

M:/ pU (U - n)dA (2.24)
A

Again, considering the velocity component perpendicular to the orifice exit
area Equation (2.24) can be rewritten as Equation (2.25).

Mx:/ pu’dA (2.25)
A

If the fluid is considered incompressible and inviscid, the integral simplifies
into Equation (2.26) and the momentum coefficient Cy; (Equation (2.27)) is
introduced to compare the theoretical momentum obtained using the Bernoulli
velocity to the measured momentum. Furthermore, effective area and effective
velocity are defined to ensure that the momentum flux is also the real one [43],
given by Equation (2.28).

My, = pruiAo (2.26)

M M
Cy = — = 2.27
M7 N, 24,Ap (2.27)

M = ppipdeg (225)
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The momentum flux is a fundamental measurement since it is strictly
related to the spray development [52]. For example, Naber and Siebers [53]
carried out a comprehensive experimental study linking this parameter with
the spray penetration at different ambient conditions. Gimeno [8] performed a
vast experimental characterization of the momentum flux of different injectors;
he stressed the relationship between momentum flux and spray penetration
together and analyzed the cavitation phenomenon effects on the spray.

If the momentum flux is measured together with the mass flow rate, Equa-
tions (2.20) and (2.28) can be used to obtain the effective velocity (Equa-
tion (2.29)) and the effective area (Equation (2.30)). Therefore, velocity, area
and discharge coefficients can be obtained without knowing the internal nozzle
geometry parameters (i.e. orifice exit area); and this is one of the advantages
of this methodology [8].

—— 2.29

Uef g (2.29)
A= —I— 2.30
eff P, (2.30)

2.3.5 Cavitation phenomenon

As explained in previous Section §2.3.4, a recirculation zone near the entrance
between the wvena contracta and the orifice wall (see Figure 2.8). In this
zone there is a pressure depression due to the acceleration of the fluid. This
reduced pressure can drop to the valve of the vapor pressure for the existing
temperature, causing a partial vaporization of the liquid, generating small
bubbles of vapor cavities, which is called cavitation. The first time vapor
bubbles appear inside the nozzle is called incipient cavitation.

The formation of cavitation bubbles depends mainly on the fluid velocity
(in other words, injection and chamber pressures) and the nozzle geometry.
Bergwerk [54] studied the influence of the nozzle geometry on the flow behavior
through visualization of the internal flow in transparent nozzles. Cavitation
phenomenon was obtained under certain conditions, but also another phe-
nomenon, called hydraulic flip, was visualized. The hydraulic flip phenomenon
consists on the introduction of gas from the combustion chamber into the ori-
fice when the detached flow extends until the orifice exit; then the gas tends to
occupy the space between the wall and the vena contracta [46]. Soteriou et al.
[55] observed that orifices under hydraulic flip conditions lead to large spray
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penetration and low liquid atomization. Nonetheless, this phenomenon has
been never observed in real size Diesel nozzle under real operating conditions.
In order to be able to predict the cavitation appearance, Bergwerk defined
the cavitation number CN as in Equation (2.31), where subscript “i” refers to
injection pressure and also the upstream point in Figure 2.12, “b” represents
the discharge pressure and the downstream point in the figure, but p, just
means vapor pressure of the fuel.

ON=Pi" P (2.31)

Po — Pv

Chaves et al. [56] defined the term “supercavitation” as the cavitation
that extends along the full length of the orifice and reaches the exit. The
“supercavitation” increases the spray angle [46, 56, 57]. However, cavitation
may not extend until the orifice exit. In fact, the spray angle also increases
under incipient cavitation [55]. Chaves et al. [56] also proved that wall surface
irregularities or high wall roughness may also cause cavitation. Therefore,
it is necessary to know the extension of the orifice occupied by cavitation
bubbles. Figure 2.11 [56, 58, 59] represents that distance as function of the
cavitation number. Four types of cativation are defined: incipient cavitation,
“subcavitation”, unsteady cavitation and “supercavitation”. “Subcavitation”
and unsteady cavitation may be grouped as cavitation under development.

Supercavitation

\ Unsteady

Cavitation : Aty
+\cavitation

distance

Subcavitation

Incipient
CN-! cavitation

Figure 2.11: Evolution of the extension occupied by cavitation bubbles as
function of cavitation number CN.

Despite the inherent difficulties, there are two possibilities to experimen-
tally study the cavitation phenomenon: the hydraulic characterization of the
cavitating flow and its direct visualization. The first option, the hydraulic
characterization, allows studying real size nozzles in a non-intrusive way ob-
taining the discharge coeflicient together with other dimensionless parameters
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that characterize the flow. The second option requires transparent nozzles,
with usually simpler geometries than real nozzles due to complexity of the
flow (high velocities and pressures, small diameters, two-phase flow).

Bergwerk [54] demonstrated a decrease in the discharge coefficient under
cavitating operation, together with a weak link with the Reynolds number. On
the contrary, the cavitating discharge coefficient strongly depends on the pres-
sure ratio defined as (p; — py) /pp. Spikes and Pennington [60] corroborated
these trends and related the cavitation phenomenon to the nozzle geometry,
i.e. larger L/ D ratios lead to higher discharge coefficient of the orifice. Nurick
[59] proposed and validated a one-dimensional model to explain the behavior
of the discharge coefficient. Based on the simplification made on Figure 2.12,
Nurick defines three characteristic points: one upstream the orifice inlet where
the velocity is negligible compared to those inside the orifice (point 4); another
one placed at the minimum cross-sectional area of the vena contracta, with
the highest velocity and lowest pressure (point ¢); and a third point at the
exit of the orifice (point b).

!V‘r],p or !

[ TN

Figure 2.12: Sketch of the cavitation phenomenon in an axisymmetric nozzle
according to Nurick one-dimensional model.

Assuming that the area occupied by the vapor remains constant, starting at
the inlet and not reaching the exit, the percentage of area available for the fluid
to flow inside the vena contracta (point c¢) is defined as the contraction coeffi-
cient C, (Equation (2.32)). The liquid mass flow rate at that point, assuming
constant density and constant velocity profile is given in Equation (2.33).

A.=C,A (2.32)

mf = pfAcuc (233)
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From Bernoulli’s Equation (2.1) and assuming that there are no pressure
losses between points ¢ and ¢ and that the pressure at the vena contracta is
the vapor pressure, Equation (2.34) can be used to compute the velocity at
point ¢. Therefore, Equation (2.33) becomes Equation (2.35), and the mass
flow rate turns out to be not dependent on the discharge pressure, fact that
is also experimentally observed [8, 46, 55, 57] and is called mass flow rate
collapse.

1
m=m+§wﬁ (2.34)

iy = ACe\/2pf (pi — po) (2.35)

Combining Equations (2.15) and (2.35), Equation (2.36) gives the dis-
charge coefficient as function of injection and discharge pressures. This expres-
sion allows a definition of a new cavitation number, given in Equation (2.37).

Cy=C, | PP (2.36)
Pi — Dy
K=L"P (2.37)
Pi — Dy

Equation (2.36) points out the linear relationship between the discharge
coefficient and the square root of cavitation number K. As K increases, it
means the discharge pressure increases or the injection pressure decreases,
injection conditions are less favorable for cavitation to appear and this linear
trend breaks down; vapor phase disappears from the orifice and the discharge
coefficient depends again on the Reynolds number and not the cavitation
number K. The value of the cavitation number K at which the break down
happens is called critical cavitation number K ...

Payri et al. [43] experimentally proved that, despite the mass flow rate
collapses under cavitating operation, the momentum flux does not, and it
still increases when Reynolds number does. This happens because of the
reduction of wall friction losses due to the presence of vapor phase next to
the walls. Another interesting result of this study is the demonstration that
the cavitation increases the exit velocity and decreases the effective area of
the liquid core. These results are confirmed by other authors who employed
visualization techniques (LDV, PDPA) to obtain the velocity at the orifice
exit [61, 62].
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Regarding the visualization of the internal flow, using transparent rect-
angular orifices is one of the most common solutions adopted. In this kind
of geometries, in addition to facilitate the optical access, the light can en-
ter through the planar faces that form the nozzle, avoiding refraction effects.
Then, the apparition of the first bubbles can be observed, what occurs at dif-
ferent conditions than the mass flow collapse, for higher values of back pressure
[63]. The hysteresis phenomenon of the discharge coefficient associated to the
cavitation, a larger measured discharge coefficient from cavitating operation
to non-cavitating operation, can be explained by the resistance of the bubbles
to collapse once they are generated [64].

These visualization studies in transparent nozzles can also be combined
with spray near-field visualization to correlate the presence of cavitation with
modifications in the spray structure [65]. For example, Sou et al. [66] observed
an increment in the spray angle when cavitation appears. They also confirmed
that the distance occupied by vapor phase depends mainly on the cavitation
number (see Figure 2.11). Also, Park et al. [67] obtained a decrease on the
droplet mean diameter of the spray when cavitation appears.

Even though using rectangular real size transparent orifices is a difficult
task [65], it gets even harder when real geometries with cylindrical or conical
orifices are desired. Such geometries are necessary to study, for example, the
effect of the orifice inclination angle on the cavitation formation. Therefore,
it is common to use large scale transparent models to do so. Andriotis et al.
[68] observed cavitation generated by vortices placed in the sac of multi-hole
injector nozzles, what the called string cavitation. This string cavitation may
appear between two orifices or between one orifice and the needle, and strongly
depends on the needle position. Arcoumanis et al. [69] studied the asymmetry
of the cavitation (specially for VCO nozzles) due to the orifice inclination angle
that, in addition to the fluid preference to enter into the upper part, generates
a stronger cavitation in the upper half of the orifice (see Figure 2.8b). They
also related this asymmetry with the needle position, which alters the flow
pattern inside the nozzle. This asymmetry of the cavitation is related with
an asymmetry in the spray structure [70], which shows a wider angle in the
upper part.

It is clear that scales models are useful to study the cavitation phe-
nomenon, but it is necessary to work on real size geometries to take into
account scale effects. Meanwhile in large scale models the cavitation appears
as a bubble distribution [55], in real size nozzle it forms films [56], so the
cavitation phenomenon has its own scale which depends on the collapse time
and the flow velocity.
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2.4 Diesel spray formation

The spray formation is the pillar of the direct injection in Diesel engines: the
mixing of the fuel with the surrounding air takes place suddenly in a very small
volume. The correct prediction of its development and the understanding of its
internal structure are the base for the improvement of the injection strategies.
Although the effort of the engine community in this sense has been strong and
constant along the last decades, the atomization process still has many aspects
to be understood and its prediction is strongly linked to empirical data.

Dense spray Dilute spray
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nozzle of ligaments from ligaments

Figure 2.13: Structure of the Diesel spray [71].

The Diesel spray is the complex result of the fuel atomization process,
which is the segregation of the liquid core into droplets. The area normally
considered spray starts from the orifice outlet, as shown in Figure 2.13. This
sketch also describes the Diesel spray structure. The first millimeters from the
orifice outlet are characterized from an intact liquid core. Depending on the
injection condition, it can be also observed the so called intact surface, a region
of the spray (not longer than 1—1.5 mm) where the liquid vein proceeds intact
without forming any droplet nor ligament. The aerodynamic instabilities at
the liquid-gas interface, combined with the perturbations deriving from the
turbulent flow, causes the segregation of the liquid core with the formation
of relatively large liquid structures called ligaments. These structures do not
have a specific shape and are characterized by their direct origin from the
liquid core. This process is called primary atomization. Once detached from
the liquid core, their relative velocity to the surrounding gas and the related
viscous interaction lead the ligaments to a further aerodynamic instability
that breaks them in smaller formations. This process is repeated until the
surface tension of the fluid is enough to compensate the aerodynamic forces.
This second part of the process is called secondary atomization.
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The regions of the spray are also classified as dense and dilute region. This
defines the optical depth and experimental approach that can be used for its
study. The first one, also called near-field, is the area close to the orifice outlet
including the liquid core and ligaments. Although it is possible [57], the spray
is optically too dense to be studied using conventional optics: many studies
related to this part have been performed using x-ray techniques [72, 73] or
ballistic imaging [37]. However, the study of this region remains very difficult
and the results obtained are sometimes controversial [74]. The dilute region,
also called far-field, is normally referred to as the area where the atomization
process is completed. In this region the optical depth of the spray allows the
implementation of conventional techniques [38, 75, 76]. It is important to
remind that this is not a strict definition but it is rather used for descriptive
purposes.

2.4.1 Atomization process

The disintegration of the liquid vein exiting from the orifice outlet is the result
of interaction occurring at microscopic scale, involving inertial forces, surface
instabilities, aerodynamic interactions and surface tension.

e The liquid surface tension: the resulting force causes the liquid vein to
remain compact or to form droplets.

e Surface instabilities: passing from forced to free-flow, the liquid vein
is in unstable condition. This means that the surface tension resulting
force is in equilibrium only if the cylindrical shape of the liquid vein is
maintained. A minimum perturbation is amplified and causes the initial
shape to disappear.

e The turbulence within the orifice: depending on the flow regime within
the orifice (see Section §2.3.4), the fuel may have a different level of
radial velocities. The resulting inertial forces tend to spread the liquid
in the chamber.

¢ Aerodynamic interaction: the relative movement between the liquid and
the surrounding gas causes friction forces that, among other things, are
strongly dependent on the shape of the liquid vein.

Atomization regimes

It is important to realize that different forces control the break-up of jets
from cylindrical orifices and their relative weight changes depending on the
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conditions. As a consequence of that, different regimes can be identified.
Following the work presented by Reitz [77, 78], the break-up regimes can be
classified as follows (see also Figure 2.14):

|
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Rayleigh . . . ; e
AayieLs wind-induced wind-induced atomization atomization

Figure 2.14: Schematic representation of the different atomization regimes.

e Rayleigh regime. This regime is observed at the lowest jet velocities.

In this case the perturbations at the surface of the jet cause small de-
formations on the liquid surface. The surface tension amplifies these
deformations until the liquid vein is separated in droplets, whose sizes
are uniform and similar to the outlet orifice diameter.

First wind-induced regime. The effect of the first perturbation is am-
plified by the relative velocities between the jet and the surrounding
ambient. In this way, the friction forces effect plays the same role of
the surface tension and ease droplet formation. In this regime the aero-
dynamic forces can be observed also in a helical oscillation of the jet
around its symmetry axis. In these first two regimes the droplets are
pinched off from the end of the jet and again their size is comparable to
that of the orifice diameter.

Second wind-induced regime. Increasing again the jet velocity, the initial
perturbations are amplified by the aerodynamic forces and grow expo-
nentially with time. This growth results in the formation of droplets of
a size comparable to the wavelength of the initial perturbations. The
formation of the droplet is, in this regime, closer to the orifice but still
a certain distance is needed for the droplets to be formed.

Atomization regime. The initial perturbations, combined with the aero-
dynamic forces, cause the droplets to form in the immediate proximity
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of th orifice and their size is, as in the second wind-induced regime,
much smaller than the orifice diameter. In this case, the intact surface
length is zero, which means that the surface is broken right at the ori-
fice outlet. However, in the atomization regime the intact core can still
be present. For this reason, two atomization regimes are commonly de-
fined: incomplete and complete, whereas the intact core can be observed
or not.

Grant and Middleman [79] characterized the break-up regimes basing on
the measured intact core length. They noticed that the predominance of one
force or the other is reflected on the behavior of this quantity (see Figure 2.15).
In the Rayleigh regime, after the first region of dripping, the intact core length
increases gradually, since the jet velocity goes along with the gravitational
forces and helps the liquid vein to extend farther from the outlet. The aero-
dynamic forces gain relevance contrasting the aforesaid effect, and when these
two effects are balanced the intact core length reaches its maximum and this
maximum is indicated to define the onset of the first-wind induced break-up.
Therefore, the intact core length decreases until a local minimum is reached.
At this point the droplets formed are strongly reduced in size since they are
direct consequence of the initial perturbation, and therefore more disintegra-
tion is needed to reach the jet core. Finally, this effect is balanced again by
the increasing of aerodynamic forces, causing a final reduction of the intact
core length. The last part of the curve in Figure 2.15 is dashed above certain
value of velocity because the intact core length becomes difficult to measure
especially at Diesel injection conditions. Nonetheless, Lefebvre [80] associates
these variations in the intact core length to the turbulence level at the orifice
exit.

Dimensional analysis of the atomization process

Based on the information available in the literature, the parameters mainly
affecting the atomization process are the following:

o Gas density, pg.

o Fuel density, py.

« Jet velocity (or relative velocity between fuel and gas), .-
» Effective orifice diameter, D ..

o Fuel viscosity, jif.
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Figure 2.15: Qualitative relationship between velocity at the orifice outlet and
intact core length.

e Surface tension, o.

There are six parameters affecting the atomization process, and they con-
tain three fundamental quantities (length, mass and time), so following Buck-
ingham’s m-theorem [81], three dimensionless groups of parameters can be used
to analyze the influence of the six parameters described above. In general, the
dimensionless groups most employed in the literature are the density ratio
pg/ps, the Reynolds number (Equation (2.3)) and one of the three following:

Ky
Ohnesorge number: Oh = ———— 2.38
L (2.38)
u?eD,
Weber number: We = Peﬁ%_’f (2.39)
Re \2
Taylor number: Ta = Pt (W_e> (2.40)
Pg €g

Reitz and Bracco [78] established the borders between the different atom-
ization regimes by using Ohnesorge number, as sketched in Figure 2.16. It is
clear that the density ratio affects the atomization only at its low values. For
that reason, it is common to represent the atomization regimes separation as
function of only Reynolds and Ohnesorge number for high density ratios, as
done in Figure 2.17.

The quantification of the atomization regimes borders has been studied
for decades. Table 2.1 shows some of the existing criteria to define them,
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Figure 2.16: Qualitative separation of atomization regimes using the three
dimensionless parameters required by the Buckingham’s m-theorem.
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Figure 2.17: Qualitative separation of atomization regimes for high values of
pg/py ratio.

where We, is the gas Weber number (Equation (2.39) with the gas density).
In the expression proposed by Reitz [77], the constant C' is calculated from
the spray angle, which has to be experimentally measured. Thus, internal
flow parameters, which are key to determine the atomization at high Weber
numbers [78], are somehow considered.
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Regime Expression Ref.

Rayleigh to Wey = 0.4 [82]

First wind-induced We, = 1.2 + 3.41 0> [83]
First wind-induced

to Second wind-induced We, =13 82

Second wind-induced Wey, = 40.3 [84]

-2
to Atomization Z—j = % (% (1 — e‘lOT“)) [77]

Table 2.1: Definition of the transition between atomization regimes.

Atomization mechanisms

Although Rayleigh and first wind-induced atomization regimes (low Weber
numbers) are well known and characterized, still an established theory about
atomization at high Weber numbers does not exist. It is believed that, for
those conditions, the break-up is caused by a sum of several effects (which are
described next), whose each one’s level of influence is unknown.

Aerodynamic instabilities

Once unstable perturbations are generated at the liquid-gas interface, the
relative velocity between them produces a shear stress which likely increases
them. Then, the mechanism that controls the second wind-induced regime
is reproduced: high frequency instabilities of the vein surface, caused by the
local variations in pressure, form thin ligaments, which break due to surface
tension and/or aerodynamic forces.

This mechanism has been studied by several authors [78, 85] based on the
Taylor’s linear analysis [86, 87]. For low jet velocities, this analysis matches
experimental results. However, as the jet velocity increases, the atomization
rate and spray angle theoretically obtained are lower than those experimen-
tally observed, and this fact clearly indicates that there are other relevant
atomization mechanisms. Additionally, the aerodynamic theory does not con-
sider the influence of the nozzle geometry.

Turbulence

Other authors, such Lefebvre [80], purpose the turbulence as one on the
main causes of atomization. This turbulence is generated inside the nozzle
orifices, where the radial component of the perturbation velocity is contained
by the walls, but outside the injector this fluctuating component pushes the
liquid outward the vein, generating the atomization. This mechanism allows
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explaining the atomization in void atmospheres where aerodynamic interaction
is not possible. On the other hand, this mechanism does not explain the large
changes in spray behavior when the gas density varies.

Reorganization of the velocity profile

Another mechanism that provokes the atomization of the liquid vein is the
modification of the velocity profile just after the orifice exit. Viscous effects
(due to the presence of the orifice wall) disappear and the fluid near the vein
surface accelerates. According to this theory proposed by Brennen [88], this
modification in the velocity generates instabilities at the vein surface which
favor atomization. In the case of laminar flow inside the orifice the velocity
profile corresponds to Poiseuille flow, but it is transformed into a uniform
profile outside the nozzle. If the momentum is conserved, this reorganization
of the velocity profiles entails a decrease in the kinetic energy of the liquid
vein, which in turn entails a generation of a radial velocity component, then
favoring the atomization.

Cavitation

Cavitation phenomenon is the last relevant atomization mechanism. Its
influence can be divided in two different types. On one hand, fuel vapor
separates the flow from the wall, which eventually can be attached to it again,
and this increases turbulence levels due to an increase in the fluctuations and
implosion or disintegration of the bubbles, which at the same time favors the
atomization resulting in shorter and wider sprays [46, 55, 57].

On the other hand, cavitation bubbles presence at the orifice exit means
discontinuities in the fluid, which ease the separation of ligaments and droplets
from the vein. In the case of high ambient temperatures, the expansion of
these vapor bubbles generates radial stresses which also lead to atomization
of the liquid vein. Furthermore, bubbles located at the orifice exit decrease
the effective area, increasing the average velocity and modifying the velocity
profile. Nonetheless, bubbles do not need to reach the orifice exit to modify
the velocity profile.

Secondary atomization

Droplets formed by the liquid jet break-up (primary atomization) are still
moving at high speed in a gaseous atmosphere. The fate of the droplets is
also decided by the same balance of forces already described, causing the so
called secondary break-up. Due to the difference is shape (spherical droplet
instead of cylindrical jet), the modality in which this process occurs is different.
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Aerodynamic forces due to the relative velocity between the droplets and
the gas tend to break them into smaller droplets. On the opposite side, forces
associated to the surface tension tend to maintain the original spherical shape
of the droplet. Therefore, it is harder, in other words, requires higher relative
velocity to break smaller droplets because their curvature and so their surface
tension is higher.

Like the primary break-up, secondary atomization can be studied through
the dimensionless Weber number [89], but in this case defined with the gas
density and the relative velocity between droplets and the surrounding gas, as
done in Equation (2.41).

Wey = PtruDeg (2.41)
o

According to Wierzba [90], five different regimes depicted in Figure 2.18 of
secondary atomization can be distinguished. For Weber numbers lower than
Wey, = 12, aerodynamic forces are not able to break the droplet, generating
only small deformations on its shape. However, a small increment in the
relative velocity can propitiate the first regime, known as vibrational, in which
the surface deformation progressively grows up to provoke its division. In
the second regime, which corresponds to Weber numbers from We, = 12 to
We, = 20, the droplet break-up initiates with a deformation into a sac or
bag shape and ends up with a disintegration in many small droplets. Third
regime is similar, the only difference is that the droplet initially forms also a
stamen oriented anti-parallel to the direction of the drop motion which breaks
into relatively large droplets. In the fourth sheet stripping regime, for Weber
numbers lower than We, = 100, a film is continuously eroded from the droplet
surface ends and disintegrates rapidly resulting of small droplets and, in some
cases, a cores whose size is comparable to that of the parent droplet. Fifth
and last regimes, known as catastrophic break-up, occurs for Weber number
greater than We, = 1000. The droplet surface is corrugated by waves of large
amplitude and long wavelengths forming a small number of large fragments

that in turn break up into even smaller units.

These regimes were also studied by Arcoumanis et al. [49], who found the
same five but did not agree in the limits between them especially at high
Weber numbers, as shown in Table 2.2; and by Pilch and Erdman [91] who
differ primarily by the names assigned to each mode.

Han and Tryggvason [92] focused their study in the sac or bag regime
at different density ratios. They used, instead of the Weber number, other
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Figure 2.18: Sketch of secondary atomization regimes.

Regime Wierzba [90] Arcoumanis et al. [49]
Vibrational Wey ~ 12 12 < We, <18
Bag Wey < 20 Wey, < 45
Bag-and-stamen We, < 50 Wey < 350
Sheet stripping We, < 100 Wey < 2670
Catastrophic We, > 100 Wey > 2670

Table 2.2: Definition of the transition between secondary atomization regimes.

two dimensionless parameters: Ohnesorge number base on the droplet (Equa-
tion (2.38) where the length is the droplet diameter and not D.g); and E6tvos
number (interchangeably called the Bond number) defined in Equation (2.42),
where Ap is the density difference between the droplet and the surrounding
gas. They found out that for low Ohnesorge numbers and low density ratios,
the droplet does not break for E6tvos numbers less than about Fo = 18, for
Eo6tvos numbers between Fo = 18 and Fo = 36 the droplet breaks-up by the
formation of a backward facing bag, a transient break-up is observed for E6tvos
nubers around Fo = 48, and for values larger than about Fo = 60, the droplet
evolves into a forward facing bag. As the Ohnesorge number increases, the
effect of the viscosity reduces the rate of deformation. At high density ratios
and large E6tvos numbers, the sac regime is replaced by the sheet stripping
break-up where the edge of the drop is pulled in the downstream direction.

_ 9ApDqg
g

Eo (2.42)
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Coalescence of droplets

At the same time and location that the atomization takes place, the coales-
cence phenomenon and bouncing of droplets also do (droplet-droplet interac-
tions) [49]. It is known that especially in the case of low ambient temperatures
(non-evaporating sprays), spray droplet size is the outcome of a competition
between droplet break-up and droplet coalescence phenomena. The coales-
cence is defined as the process by which two or more droplets merge during
contact to form a single droplet. The contact or collision probability depends
on the relative velocity between the droplets, the relative direction and the
local fuel concentration. Therefore, collision is more frequent in the near-field
and the axis of the spray, in other words, in the dense part [87, 93].

While the collision frequency may be estimated from kinetic theory con-
siderations, the outcome depends on the impact energy, the ratio of droplet
sizes, and ambient conditions like gas density, gas viscosity, and the air-fuel
ratio of the gas surrounding the droplets during impact. There are four im-
portant dimensionless parameters governing the collision phenomenon [94]:
the Reynolds number (Equation (2.43), where Dg; is the diameter of the
larger drop), the Weber number (Equation (2.44)), the droplet diameter ratio
Dg2/Dg;1, and the impact parameter B. The dimensionless factor B value
varies from 1 to 0. In the case of head-on collision (B = 0), the relative ve-
locity vector coincides with the center-to-center line. If B > 0 the collision is
off-axis, and B =1 is called a tangential of grazing collision.

D
Recoll = i ;j,flurel (243)
D 2
Wecoll = Pr=d2Vrel (244)
g

Collision may result in bouncing, coalescence, reflexive separation, stretch-
ing separation or shattering collision, and a criterion has to be specified to
determine which one occurs [95, 96] (see Figure 2.19 for a graphical represen-
tation). Qian and Law [95] defined the transition between these five collision
regimes in terms of the collision Weber number and the impact parameter,
qualitatively described in Figure 2.20. They also proved that an increase of
gas density promotes bouncing, while a gas atmosphere with a high content
of evaporated fuel promotes coalescence. In addition, the numbers and size
of the new droplets resulting from a collision event strongly depend on the
diameter ratio of the parent droplets.
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Figure 2.19: Sketch of coalescence regimes, droplet-droplet interactions.
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Figure 2.20: Schematic of droplet collision regimes borders.

2.4.2 Evaporation process

In addition to the break-up of the spray and mixing processes of air and fuel
droplets, the evaporation of liquid droplets also has a significant influence on
ignition, combustion, and formation of pollutants (it is a prerequisite for the
subsequent chemical reactions) [94].

The energy for evaporation is transferred from the combustion chamber
gas to the colder droplet due to conductive, convective, and radiative heat
transfer, resulting in diffuse and convective mass transfer of fuel vapor from
its surface into the gas. Hence, there is a strong linking of evaporation rate
and gas conditions: pressure, temperature and transport properties (such the
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boiling point, heat of evaporation, critical temperature, volatility, droplet size
and relative velocity between the droplets and the surrounding gas).

The study of the evaporation process from the microscopic point of view is
complex and multidisciplinary, it involves heat and mass transport, fluid dy-
namics and chemical kinetics problems. It gets more even complex under real
engine conditions. That is why many researchers prefer a macroscopic study
of the evaporation process, i.e. in terms of liquid length (see Section §2.4.3).
Furthermore, phase equilibrium is usually assumed, it is presume that the
phase transition (liquid to vapor) is much faster than the vapor transport
from the surface into the surrounding gas. Further on it is assumed that even
if the conditions in the gas phase or inside the droplet change (e.g. tem-
perature rise), phase equilibrium is always immediately reached. Notwith-
standing, it is proved that the hypothesis of phase equilibrium is not correct
[97, 98]. A boundary layer where fuel vapor accumulates is formed around
the droplet, this produces over-heating of the droplet and a saturation of the
boundary layer, then slowing down the evaporation process. Additionally,
Ayoub and Reitz [98] comment that for high injection pressure and ambient
conditions close to the critical point: the diffusion characteristic time scales
of both phases, ambient gas and vapor, are similar, so the common hypothe-
sis of quasi-steady surrounding gas is not longer correct; and the thermody-
namic properties vary with the pressure, temperature and fuel concentration,
so equations of state for all properties must be calculated and used.

Although real fuels consist of a multitude of different components that
influence the evaporation process (more volatile and less ignitable components
evaporate first, components with higher molecular weight evaporate later),
the standard approach is to use a single-component model fuel because of its
simplicity and low consumption of computational time. Usually tetradecane
or dodecane is used to represent the relevant properties of Diesel, and octane
is used for Gasoline [94].

Nevertheless, research work today concentrates on more sophisticated
evaporation models, especially with respect to modeling more realistic compo-
nent fuels and to replace the single-component fuel calculations. For example,
Diesel fuel consists of more than 300 different components, and it is obvious
that a single reference fuel cannot predict all of the relevant sub-processes
during evaporation, ignition and combustion with sufficient accuracy. Jin and
Borman [99] showed that the overall mixture formation process, and thus also
ignition and combustion, may be significantly influenced by the composition of
the fuel vapor, and that it may be important to describe the multicomponent
character of fuels more accurately. However, the computational effort describ-
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ing mixtures of ten and more components is enormous. Tamim and Hallett
[100] have shown the possibility of introducing the multicomponent character
based on so-called continuous thermodynamics, which provides a relatively
simple and elegant description of mixtures consisting of a multitude of differ-
ent components. The main idea of the continuous thermodynamics approach
is the description of the relevant fuel properties needed to determine the evap-
oration process like boiling and critical temperatures, heat conductivity, heat
of evaporation, etc. as a function of a distribution variable. If the distribution
of the different components inside the droplet changes during the evapora-
tion process (the more volatile component evaporate first), the distribution
function and thus the fuel properties also change. This kind of approach, al-
though requires a larger modeling effort to a discrete two-component model,
ensures that the effect of the different fuel components on the time-dependent
evaporation process is accounted for with lower computational cost.

2.4.3 Spray characterization

Until now, the spray has been described from a physical point of view, try-
ing to underline the processes behind the atomization and spray formation.
Conventionally, the spray characterization is divided into two groups: macro-
scopic and microscopic, depending on the scale of the parameter observed.
The macroscopic characterization investigates the global shape of the spray,
while the microscopic characterization is focused on local parameters.

Macroscopic characterization

The macroscopic characterization of the spray aims at the understanding of
the global interaction of the spray with the surrounding gas. The following
parameters are widely studied due to their fundamental importance for the
understanding of the spray dynamics and because, from the experimental
point of view, their measurements are robust and relatively easy.

As shown in Figure 2.21, there are two parts clearly differentiated: a first
steady part of the spray which extends up to 60% or 70% of the spray length
and has conical shape; and a second transient part at the spray tip which has a
semi-elliptical shape due to the aerodynamic interaction with the surrounding
gas.

Spray penetration

The spray penetration S is the distance traveled by the spray tip into the
combustion chamber (see Figure 2.21). This is a fundamental parameter not
only because it measures the air-fuel mixing but also because it determines the
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Figure 2.21: Macroscopic description of the spray: penetration and angle.

wall impingement, a key factor for the combustion and emissions [101]. Even
if conceptually it is very easy to understand the meaning of this parameter,
its definition is not easy.

From the wide number of studies that can be found in the literature, many
correlations have been proposed to link the spray penetration to the injection
conditions such as injection pressure, ambient density, orifice diameter, etc.
The spray penetration depends mainly on the spray momentum, the ambient
density and the spray spreading angle. Hay and Jones [102] made a review
of the correlations available in the literature at the time and highlighted as
the best correlations the ones presented by Dent [103] and Wakuri et al. [104].
Apart from the proportional constant applied to the relationship and other
minor details, all the equations, even those presented in more recent works
[21, 53], are in the form of Equation (2.45), where the value of each exponent
is obtained by simple application of the dimensional analysis, except for the
dimensionless term that includes the spray angle. The value of 1/2 for the
exponent of this term is obtained through an analytical analysis of the spray
evolution by assuming it has conical shape [53].
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S (t) o< pg *Ap —3 <0>D3té = pyg TM7 tan™2 <g)té (2.45)

Wakuri et al. [104] were the first including the spray spreading angle into
the equation; on the other hand Dent [103] included the effect of the ambient
temperature, or more precisely, the difference between the ambient and the

1
nozzle tip temperature with the factor (Tozue/Ty) -

Hiroyasu and Arai [105] presented a penetration law split into two parts
(see Equation (2.46)) because the spray penetration shows a different, lin-



2.4. Diesel spray formation 59

ear proportionality with time in the first millimeters. The time ¢; in Equa-
tion (2.46) represents the time needed to reach the penetration at which the
break-up is completed, and it is defined by Equation (2.47).

2A
S(t) = 039, =Lt ift <t
Py

_1 1
S() = 2.95p, "ApIDGt3;if t > 1y (2.46)
D,
t = 28.65— 1= (2.47)
(pgAp)2

More recently, Naber and Siebers [53] developed a penetration law based on
their experimental measurements under evaporative conditions, also showing
two different behaviors of the spray penetration (Equation (2.48)). Moreover,
they inserted other flow parameters related to the internal flow in the expres-
sion, concretely velocity C, and area C, coefficients, and included the spray
spreading angle €. In this case, the time t; is defined as the time when the
spray is controlled by air entrainment, given in Equation (2.49). Desantes
et al. [106] identify this time ¢, with the transient period at which the mass
flow rate (and so the momentum flux) is still increasing due to the dynamic
of the injector and the variation of the nozzle’s effective section as a function
of needle position. Instead of 0.66 as a constant of Equation (2.49), they use
0.36.

1 1 10\ -t 1 L1
S(t) = Ci(2C,)% tan 2<)pg4Ap4D02t2;1ft2tb (2.48)

1
= (QCCL) 2 PfDo
b

- (2.49)
0.66C, tan (5 ) (pAp)

=

Gimeno [8] also studied the splitting time ¢; and proposed a new expression
to compute it, Equation (2.50), as function of the spray momentum flux.
It includes parameters related to the internal flow, such area and velocity
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coefficients or pressure drop (see Equation (2.28)). This Equation (2.50) is
similar to the one proposed by Naber and Siebers [53], but a new constant k;
has been added, whose value depends on the opening time of the injector, as
proposed by Desantes et al. [106]. This means that Equation (2.50) considers
both effects previously explained, the air entrainment and the transient period
of the mass flow rate.

085 VM
= k; tan (g) pguzﬁc

1) (2.50)

The value of the constant k; is given by Equation (2.51), which was ob-
tained by fitting a general correlation to experimental results. Both ambient
density and injection pressure affect this constant, and so the time t;, though
the injection pressure in a much lesser way.

—0.2624
ki = 0.1237 <p9> p-08175 (2.51)
Py

Other authors have obtained empirical correlation by statistical analysis of
the experimental data. For example, Payri et al. [107] propose Equation (2.52)
for non-evaporative conditions, and Payri et al. [108] give Equation (2.53)
for the linear part of the penetration. These equations also remark a good
agreement between dimensional analysis and experimental measurements.

: 0
S (t) x p;0'268M0'254 tan_0'5 (2>t0'513 (2.52)
S (t) = 0.018p, "% Ap>>1¢H04 (2.53)

When comparing non-evaporative and evaporative conditions for the same
injection conditions (injection pressure, discharge pressure, ambient den-
sity...), Naber and Siebers [53] observed that evaporation can decrease the
spray penetration value up to 20%. This reduction is attributed to an increase
of the gas-vapor fuel mixture density within the spray since the temperature
is lower due to the evaporation process. Finally, under reactive conditions,
the spray penetration increases because of the local density reduction due to
combustion reactions [109].

Spray angle
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The spray spreading angle 6 is the angle included between the two sides
of the spray cone, usually calculated as the angle included by the lines fitting
the two sides, as shown in Figure 2.21. This is also a fundamental parameter
driving the entrainment of air in the spray and determining the fuel evapora-
tion and combustion processes. After a first transient short time after start
of injection, this angle stabilizes at a certain value.

Again, different correlations to predict the behavior of the spreading angle
can be found in the literature. One of the first, presented by Ranz [82], is given
in Equation (2.54) where F; represents an analytical expression that, in the
case of typical Diesel injection conditions, reaches its limit value F; = 0.288.
However, this expression contains a constant, C', that needs to be tuned for
the specific nozzle geometry.

3 2
tan <9> _dm (”f> F (”9 g ) (2.54)
2) C\py pi HFUG,

Reitz and Bracco [110] carried out an extensive experimental study in-
cluding several variations in the internal geometry which led them to obtain
Equation (2.55) as the solution for the constant C. However, it does not take
into account neither the contraction of the orifice nor the curvature of the
orifice inlet. Therefore, this definition gives good predictions for geometries

similar to the ones employed by Ranz [82] but loses its effectiveness when the
geometry is radically changed.

1 L
C=3+ 36D, (2.55)
Hiroyasu and Arai [105] assessed the impact of the variation in the size
of the sac by performing a set of tests. Basing on their experimental results,
they gave Equation (2.56) as the solution for the spray spreading angle. Other
experimental studies propose similar results [53, 106, 111]. Naber and Siebers
[53] made a review of these and more expressions proposed for the spray
spreading angle and realized that the density ration exponent varied between
0.2 and 0.5, though they proposed 0.19. In all these studies the injection
pressure and the fuel viscosity have been found to have a negligible effect.

I, \0.022 /015 o 0.26
6 =835~ = S 2.
835 (Do> (Ds> Pf ( 56)
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Kampmann et al. [112] investigated the effect of the HEG level at the
orifice inlet and proved that higher the degree of HEG, the lower the spreading
angle. Moreover, decreasing the HEG level, a higher statistic dispersion of the
measurements was observed.

In general, research carried out agree on the main parameters that affect
the spray spreading angle: density ratio, injector geometry and cavitation phe-
nomenon. The injection pressure has some effect, but a general rule cannot be
found since, probably, this effect is the result of many parameters combined
together, such as the nozzle seat type, the orifice inlet radius, etc. Addition-
ally, as commented in Sections §2.3.5 and §2.4.1, the presence of cavitation has
a strong effect on the spray spreading angle due to its effect on the primary
atomization [46]. However, the quantification of these effects is still an open
issue, first of all, due to the complexity of the phenomenon itself (combination
of turbulence and aerodynamic instabilities), but also due to the high sensitiv-
ity to many aspects of the experiments: the experimental technique employed,
the details of the optical arrangement and the methodology used for the image
processing [113] . Furthermore, the definition of the spreading angle is not
always consistent, for example, Naber and Siebers [53] presented a definition
based on the spray area calculation, while Payri et al. [28] based their defini-
tion on the fitting of two lines on the spray boundary (even how to define the
fitting lines is controversial, i.e. if they should be forced to pass through the
orifice exit or not). Consequently, the spray spreading angle is inaccurate and
values obtained by different authors cannot be compared between them.

Liquid length

At evaporative conditions, the air entrained by the spray produces the
progressive evaporation of the fuel (see Section §2.4.2) and as a consequence
the liquid phase initially penetrates until it reaches a steady value, as shown
in Figure 2.22.

The liquid phase penetration or liquid length LL is a measurement com-
monly performed to characterize the mixing process of the Diesel spray [106,
114]; a simple definition can be given as the distance that the injected fuel
has to penetrate in the chamber until its complete evaporation. Again, the
dependence of the liquid length upon different parameters such ambient tem-
perature, ambient density, injection pressure, nozzle diameter and fuel type
has been studied by several authors [38, 106, 114]. Its behavior is generally
well described by empirical correlations obtained by different authors [115,
116]. For reference, the relationship obtained by dimensional analysis by [117]
is given in Equation (2.57), where K, is a constant depending on ambient
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Figure 2.22: Liquid and vapor phase of the Diesel spray penetrating in a
quiescent and non-reacting atmosphere.

conditions and Cl,, is a coefficient depending on the fuel and ambient gas
properties.

LL=K CaDo

pm (2.57)

Intact and break-up lengths

The region right at the exit of the orifice is characterized by a very dense
ambient and, for a certain distance, it is considered to exist an intact core
length IL [77]. It is generally defined as the distance between the orifice
exit and the location where the first droplets appear due to the atomization
process. Even if this feature is listed in the macroscopic characteristics (un-
doubtedly it is a global feature of the spray) the length of the intact core can
be less than 1 mm.

Chehroudi et al. [118] studied water sprays and obtained a qualitative
relationship between the intact core length and the fuel velocity the the orifice
outlet, already represented in Figure 2.15. Other authors demonstrate its
variability depending on the air-fuel density ratio [53, 105, 114, 118], on the
orifice outlet diameter and L/D, ratio or on the fuel properties [51, 114].

The correct evaluation of this length is essential to understand the funda-
mental of the spray break-up: many researchers simulate the primary break-
up via DNS method [119, 120], but many other focus their attention on the
experimental measurement using commercial Diesel injectors. For instance,
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Morena [57] performed a microscopic visualization of the spray and noticed
that, at low injection pressure, the spray was characterized close to the orifice
outlet by nearly zero spreading angle and he named the length of this region
non-perturbed length NPL (length where air entrainment has not started yet,
see Figure 2.23).

Even if their definition is very similar, the non-perturbed length has not to
be confused with the intact core length since the last one refers to the geometry
of the spray while the first to the atomization process. Furthermore, these
two quantities are different than the well known break-up length BL, which is
defined as the distance from the orifice outlet where the liquid vein disappears
(see Figure 2.23). It depends, among other factors, on the jet velocity at the
orifice outlet and follows the trend showed in Figure 2.15.

Spray micro-angle

Spray spreading micro-angle 6, is the angle included between the two sides
of the spray cone at first millimeters from the orifice outlet, and is smaller
than the spray spreading angle 6, as shown in Figure 2.23 [105] where L,
is the origin of the micro-angle and Ls is the origin of the spreading angle.
This angle together with the break-up length are reduced if conical orifices
with rounded inlet are used. On the contrary, the spray angle in the first
millimeters significantly increases when cavitation occurs [57, 121].

Figure 2.23: Macroscopic description of the spray: near-field spray structure.

Microscopic characterization

The microscopic characterization aims at the understanding of what is within
the spray boundaries. The following parameters are fundamental for the
development and validation of spray models and CFD simulations. How-
ever, the difficulties related to the Diesel spray measurements (high temper-
ature/pressure conditions, dense spray, very short time scale, etc.) make the
access to these quantities a constant scientific/technological challenge.
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Droplet size

The measurement of the droplet size is important for the understanding
of the atomization process and of the droplet-air momentum transfer (once
combined with droplet velocity). Notwithstanding, the real droplet size in-
volves a huge amount of information: the droplets formed span over a wide
range of diameter values; and the evaporation process (occurring also at am-
bient temperature) reduces the size of the droplets while traveling within the
combustion chamber. As a consequence of these facts, the droplet diameter
cannot be treated as a deterministic measurement but a statistical approach is
always employed. The droplet size is therefore characterized by mapping the
spray (in time and space) and relating each point to a histogram. By repre-
senting the effective experimental measurements on the histogram, the related
Probability Density Functions (PDF) are obtained. However, this character-
ization requires many hypothesis and lead to complex results and analysis;
thus, it is addressed only to very specific studies. Moreover, the analysis of
the PDF generally does not provide any crucial information except regarding
spray non-uniformity.

One solution normally employed to describe the atomization quality is the
definition of a characteristic diameter. This quantity can be defined in different
ways depending on the application. Mugele and Evans [122] classified these
definitions proposing the notation represented in Table 2.3 that nowadays is
the most employed.

Notation  Factor Physical meaning Formulation
. . . . N;D;
D Diameter Mean geometrical diameter Zi ¥
k2 ? 1
N; D2\ 2
Do Surface Mean surface area 2, NiD}
Zi Ni
1
 N;D3\ 3
D3 Volume Mean volume/mass (ZZZLN;
N; D3
D3y Vol./Surf. Volume/surface ratio %

Table 2.3: Definitions of mean droplet diameters.

Among the definition given in Table 2.3, the most employed for Diesel
spray studies is the D3, also called Sauter Mean Diameter (SMD). It is in fact
an effective indicator of the relationship between drag forces (related to the
droplet surface) and inertia forces (related to the droplet mass). Moreover, it
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can be obtained directly by the application of imaging techniques, the Planar
Laser Induced Fluorescence (PLIF) [123] and its derived techniques [124],
which relate the fluorescence signal, proportional to the droplet volume, to the
scattering signal, that is a function of the droplet surface. Another technique
normally employed for the determination of the droplet diameter is the Phase
Doppler Particle Analyzer (PDPA). This technique allows to determine the
size and the velocity of the droplets. When comparing the two techniques,
PDPA is more accurate than PLIF methods, but it has the relevant drawback
of being a punctual measurement, extending significantly the time required
for the tests.

Several experimental studies have proposed correlations to link the droplet
size D39 with the injection conditions [125, 126]. For reference, the correlation
presented by Hiroyasu et al. [125] is given in Equation (2.58), which is one of
the first that can be found in the literature.

D3y = SMD = 0.38Ap~ %135 p0- 121 131 (2.58)

However, care must be taken with these correlations because large vari-
ations are obtained on the predictions, in part due to the weak amount of
experimental data used to build the correlation. It is then hazardous to ex-
tend an expression to other nozzle shapes, diameters or fuels. Therefore they
may be used only as a starting point and adjusted to fit well the experimental
data under consideration and as qualitative guidelines [127].

Velocity distribution

The characterization of the velocity field of the spray allows to evaluate
and understand the process of air-fuel mixing. For this reason, many authors
have investigated this parameter. Most of them based their studies on the
similitude between Diesel spray and gas-jet theory proposed by Adler and
Lyn [128] that is accepted to describe in an accurate way the behavior of the
steady spray at a certain distance from the orifice (far-field or dilute region)
[53, 129]. However, an important difference lays between the gas-jet and
the Diesel spray, in the first case the spreading angle is constant and depends
only on the properties of the fluids involved in the process, while in the second
case the geometry of the orifice and the gas density in the chamber have a
significant effect.

The radial velocity profiles can be then extended to concentration profiles
[52] by means of the Schmidt number defined in Equation (2.59) as the rela-
tionship between the diffusion of momentum and mass. These models show
how the concentration and velocity profiles are characterized by two different
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zones: the first one, related to the intact length, where the velocity and con-
centration variables remain constant; and at certain distance the second one
where both are proportional to 1/z.

Se= (2.59)
Plm
The experimental tools available for these measurement are different:
Rayleigh scattering [130] and Particle Image Velocimetry (PIV) [131] allow to
obtain entire maps of, respectively, concentration and velocity fields; PDPA
technique is used to determine the velocity field and, when it is dedicated only
to particle velocity, it is also called Laser Doppler Velocimetry (LDV).
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Chapter 3

State of the art

3.1 Introduction

Turbulent (and mixing) multiphase flows have been investigated by many
authors since years ago. However this topic is still not fully resolved due to,
first, the complex phenomena (e.g. turbulence, heat transfer, atomization. .. )
taking place, and second, the presence of a very wide spectrum of length- and
time-scales. Therefore, a review of the state of the art is required.

It has been estated in prior Section §1.2 that the main objective of this
Thesis is developing a model capable of simulating internal and external flows
of the Diesel injection process which are strongly linked [1-6] at the same
time; likewise disadvantages and uncertainties of adding a coupling method-
ology are avoided. Based on the level of description, multiphase computa-
tional models can be grouped in four classes: inter-phase tracking models,
Eulerian-Lagrangian models, Eulerian multi-fluid models and homogeneous
flow models.

3.2 Classification of turbulent multiphase flows

The first classification of multiphase (usually named dispersed and carrier
phases) flows can be according to the combination of phases: gas-solid (flu-
idized beds, conveying), gas-liquid (sprays, nuclear reactors), liquid-solid (sed-
imentation, fiber suspensions), liquid-liquid (oil-water separation), gas-liquid-
liquid (catalytic cracking), etc. Depending on the type of distribution of the
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dispersed phase, the flow is homogeneous (alcohol and water, coffee) or hetero-
geneous (clusters, sprays, flocks). And regarding the geometry of the phase
interfaces, multiphase flows are classified into three main classes, separated
(by a geometrically simple interface), transitional or mixed, and dispersed
(inter-facial complexity), each of which can be subdivided in several regimes
as shown in Table 3.1 [7]. Being the objective of this Thesis the Diesel injec-
tion process (a spray), only gas-liquid, heterogeneous and dispersed flows are
considered.

If the flow is laminar, each element released from a point will follow a
smooth unique trajectory. On the other hand, individual elements intro-
duced into a turbulent carrier flow will each have their own, oscillating path
due to interaction with the fluctuating turbulent velocity field. According to
Elghobashi [8], different classes of interaction between phases can be distin-
guished depending primarily on the volume fraction, as sketched in Figure 3.1.
For droplet volume fraction less than X = 107%, droplet motion is influenced
by continuous phase properties but there is practically no feedback (momen-
tum exchange) from the dispersed phase, in other words, the droplets have
negligible effect on turbulence, and the interaction between the droplets and
turbulence is termed as one-way coupling. Theoretically, the description of
one-way coupling is simple because the flow field of the continuous phase in
the absence of feedback mechanism can be computed as a single phase flow
and droplet motion is determine in a post-processing step.

In the second regime, from X = 1076 to approximately X = 1073, the
momentum exchange between the droplets and turbulence is large enough to
alter the turbulence structure. This interaction is called two-way coupling. In
this regime and for a given value of volume fraction X, there are two zones A
and B, depending on the ratio of the time of dynamic relaxation of particles
over the Kolmogorov time-scale 7, /7, where the transition from A to B occurs
at about 7,/7, = 10. Time of dynamic relaxation of particles 7, is defined
by Equations (3.1) and (3.2) [9], where 7,0 is the value for Stokes flow and
Reg is the Reynolds number of the droplet (Equation (2.3) calculated with the
droplet diameter and the relative velocity). In zone A the droplet Reynolds
number is Regy < 1 and the effects of the droplets on the turbulence vary
significantly as function of the 7,/7; ratio: micro-particles (7,/7, < 1) cause
both turbulent kinetic energy and its dissipation rate to be larger than in the
single-phase flow; ghost particles (0.1 < 7,/7; < 0.5) modify the turbulence
energy spectrum in a way such that turbulent kinetic energy is unchanged
but its dissipation rate is larger than that of the single-phase flow; critical
particles (7,/7; ~ 1) reduce turbulent kinetic energy but keep its dissipation
rate unchanged relative to the single-phase flow; and large particles (7, /7, > 1)
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Typical
Class yl?lca Geometry Examples
regimes
. Film condensation, film
Film .-
boiling
Separated Annular Film boiling, boilers
Jet Atomization, jet condenser
Cap, slug Sodium boiling in forced
or chum- convection
turbulent
Bubbly Evaporators with wall
Mixed annular nucleation
Droplet Steam generator
annular
Bubbly Boiling nuclear reactor
droplet
channel
annular
Bubbly Chemical reactors
Dispersed .
Droplet Spray cooling
Particulate Transportation of powder

Table 3.1: Classification of multiphase flows based on the interfaces structures.

reduce both turbulent kinetic energy and its dissipation rate relative to their
values in the single-phase flow. In zone B, as 7, increases (e.g. by increasing
the droplet diameter) for the same volume fraction, the droplet Reynolds
number increases, and at values of Re, > 400, vortex shedding takes place
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Figure 3.1: Classification map of multiphase turbulent flows.

resulting in enhanced production of turbulence energy.

THo prD?
ol 18%% (5-1)
%
C = 1+5%. i Rey < 10°
= 0.11%; if Rey > 10 (3.2)

In the third regime, for droplet volume fractions higher than X = 1073,
because of the increased droplet loading flows are referred to as dense suspen-
sions. Here, in addition to the two-way coupling between droplets and turbu-
lence, droplet-droplet collision takes place, hence the term four-way coupling.

A complementary classification is given by Varaksin [9] depending on the
most important dimensionless parameter which characterizes the droplet iner-
tia, namely, the Stokes number (Equation (3.3)) in the averaged motion, the
large-scale fluctuation motion (Stk;) and the small-scale fluctuation motion
(Stky). He differentiated five different types of flow:
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e equilibrium flow (type 1),

o quasi-equilibrium flow (type 2),

o non-quasi-equilibrium flow (type 3),
o flow with large particles (type 4),

« and flow past stationary “frozen” particles (type 5).

Table 3.2 gives information about mean and perturbation (turbulent) mo-
mentum and heat transfer parameters depending on the flow type. Varaksin
[9] affirms that this classification is quite universal. First, it covers the entire
range of droplet concentrations from the case of motion of single droplets,
when their presence has no effect on the characteristics of flow of carrier gas,
to the motion of dense sets of droplets, when the space taken up by the dis-
persed phase is comparable to the volume taken up by the carrier. Second, the
classification covers the entire range of droplet inertia from minute droplets,
whose size is commensurable with that of carrier molecules, to large stationary
droplets.

Tyl
Sth = = (3.3)
Momentum transfer Heat transfer
Type Stk Re, g T,
1 Stk — 0 Red—>0 Ug =~ U Td%T
Stk; — 0, Stky, — 1 Re; — 0 uly ~ T)~T
9 Stk — 0 Reg — 0 Ug = U Ty~T
Stk — 1, Stk — 1 Re; >0 uly #u T, #1T
3 Stk — 1 Reg >0 Uqg # U Ty #T
Sty — 1, Stk — o0 Ré; >0 ul; # u T, #T
4 Stk — 1 R€p>0 ud#u Td#T
Stk; — oo, Stk — oo Reél; >> 0 ul; ~0 T, ~0
5 Stk — oo Reg >>0 Ug AU T;~0
Stk; — oo, Stky, — oo Rel; >> 0 uly~ 0 T)~0

Table 3.2: Classification of turbulent heterogeneous multiphase flows by values
of the Stokes number.
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3.3 Interface tracking and capturing models

Flows with free surfaces are an especially difficult class of flows with moving
boundaries. The position of the boundary is known only at initial time; its
location at later times has to be determined as part of the solution [10]. In the
most common case, the free surface is an air-water boundary, i.e. simulation
of a cargo ship shown in Figure 3.2, but other liquid-gas surfaces occur, as do
liquid-liquid interfaces.

Figure 3.2: Dynamic Fluid Interaction simulation of a large cargo ship: model-
ing the motion of a body resulting from the forces and moments on it (STAR-
CCM+ website).

If phase change at the free surface can be neglected, the following boundary
conditions apply [10]: the kinematic condition requires that the free surface
be a sharp boundary separating the two fluids that allows no flow through it;
and the dynamic condition requires that the forces acting on the fluid at the
free surface be in equilibrium (momentum conservation at the free surface),
this means that the normal forces on either side of the free surface are of equal
magnitude and opposite direction.

Many methods have been used to find the shape of the free surface. They
can be classified into two major groups:

o Interface-tracking methods: treat the free surface as a sharp interface
whose motion is followed. In this type of method, the flow field is dis-
cretized by a conservative finite difference approximation, and the in-
terface is explicitly represented by a separate, unstructured grid that
moves through the stationary grid. Since the interface deforms contin-
uously, it is necessary to restructure its grid as the calculation proceed
[11, 12]. This method stands out for its high accuracy [13], it allows



3.3. Interface tracking and capturing models 89

to resolve interface structures smaller than the grid size. On the con-
trary, the generation of the interface grid, its spatial distribution and its
dependency on time, together with the high computational cost due to
the high amount of data required, remain as the main drawbacks of this
method.

¢ Interface-capturing methods: do not define interface as a sharp bound-
ary. The computation is performed on a fixed grid, which extends be-
yond the free surface. The shape of the free surface is determined by
computing the fraction of each near-interface cell that is partially filled.
This can be achieved by introducing massless particles at the free surface
at the initial time and following their motion, what is called Marker-and-
Cell (MAC) scheme. Alternatively, one can solve a transport equation
for the fraction of the cell occupied by the liquid phase, the Volume-of-
Fluid (VOF) scheme, or define the surface as the one on which a level-set
function is equal to zero (level-set formulation). Because of structures
smaller in size than the mesh are not solved, the interface location, ori-
entation and curvature cannot be accurately calculated.

There exist also hybrid methods which do not fall into either categories de-
scribed above. These methods borrow elements from both interface capturing
and interface-tracking methods.

3.3.1 Volume-of-Fluid method

In the VOF method, in addition to the conservation equations for mass and
momentum, an equation for the filled fraction of each cell, X, is solved so
that X = 1 in filled cells and X = 0 in empty cells. From the continuity
equation, one can show that the evolution of X is governed by Equation (3.4).
In incompressible flows this equation is invariant with respect to interchange of
X and 1—X; for this to be assured in the numerical method, mass conservation
has to be strictly enforced.

0x +div(XU) =0 (3.4)
ot

The critical issue in this type of method is the characterization of convec-
tive term in Equation (3.4). Low-order schemes (like the first-order accurate
upwind method) smear the interface and introduce artificial mixing of the two
fluids, so higher-order schemes are preferred. Since X must satisfy the condi-
tion 0 < X < 1, it is important to ensure that the method does not generate
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overshoots of undershoots. Fortunately, it is possible to derive schemes which
both keep interface sharp and produce monotone profiles of X across it [14].
Actually, there are several interface reconnection algorithms: fractional [15,
16], steps [17] and piecewise linear interface calculation (PLIC) [18].

The main drawback of this methodology is that any topological change
associated to break-up or coalescence of droplets or bubbles is hardly obtained
except if the grid resolution is extremely fine.

Alternatively, both fluids can be treated as a single fluid whose properties
vary in space according to the volume fraction of each phase [10]. In this case
the interface is not treated as a boundary so no boundary conditions need
to be prescribed on it. The interface is simply the location where the fluid
properties change abruptly. If surface tension is significant at the free surface,
it can be taken into account by treating the force as a body force [14, 16].
However, there are problems when surface tension effects become dominant,
like in the case of droplets of bubbles whose diameter is of the order of 1 mm
or less and which move with very low velocity. In this case, there are two very
large terms in the momentum equations, the pressure term and the body force
representing the surface tension effects, which have to balance each other, they
are the only non-zero terms if the bubble or droplet is stationary.

Volume-of-Fluid method in Diesel engine applications

Dirke et al. [19] used a VOF method to study the cavitation zones in a ball
valve, sac-hole nozzle and a single-hole nozzle geometries and obtained good
agreement with experimental results. Nonetheless, they highlighted the neces-
sity of improvement in the unsteady transient boundary conditions and mesh
movement.

In that direction, Marcer et al. [20] coupled a Kinematics and Mass Trans-
fer VOF model with a one-dimensional system AMESim® so they were able to
simulate the needle movement. Though obtained results showed good agree-
ment with the experimental data concerning the mass flow rate, further vali-
dation was required to calibrate the whole system (upstream and downstream
pressure, needle forces, etc.).

Marcer et al. [21] developed an improved version so called Segment La-
grangian VOF which allowed to describe numerically the onset and devel-
opment of cavitation within Diesel injectors, including its different regimes.
They ensured that in a near future this type of model should give a better
insight into the mechanism of fragmentation for the three phase flow (liquid,
vapor and ambient gas) downstream the orifice exit.
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As a recent example of the application of VOF methods in engine applica-
tion, Befrui et al. [22] performed VOF LES simulations of the nozzle internal
flow and near-field primary atomization of a gasoline direct injection (GDI)
multi-hole injector. Their results, sampled in Figure 3.3 highlighted the po-
tential capability of the VOF LES method for analysis of the hydrodynamics
of liquid jet break-up and the influence of the nozzle geometry on the spray
break-up process. This model was able to predict the deviation angle between
the nozzle-hole axis and the issuing liquid jet trajectory.

Flow
direction

Figure 3.3: VOF LES simulation results (p; = 20 MPa) [22].

3.3.2 Level-set method

Another class of interface-capturing methods is based on the level-set formu-
lation, introduced by Osher and Sethian [23]. The surface is defined as the
one on which a level-set function ¢ = 0. Other values of this function have
no significance, and to make it a smooth function ¢ is typically initialized as
the signed distance from the interface. This function then is allowed to evolve
as a solution of a transport equation (Equation (3.5)), and if it becomes too
complicated, it can be re-initialized. As in VOF methods, fluid properties are
determined by the local value of ¢ but here, only the sign is important.

0
% L div(pU) =0 (3.5)
ot

The advantage of this approach relative to the VOF scheme is that ¢ varies
smoothly across the interface while the volume fraction is discontinuous there.
However, as noted above, the computed ¢ need to be re-initialized. Sussman
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et al. [24] proposed to do this by solving Equation (3.6) until steady state is
reached. This guaranties that ¢ has the same sign and zero level as ¢g, and
fulfills the condition that |grad () | = 1, making it similar to a signed distance
function.

92 — sign (o) (1 ~ [grad (9) ) (3.

Since ¢ does not explicitly occur in any of the conservation equations, the
original level-set method did not exactly conserve mass. Mass conservation
can be enforced by making the right-hand side of Equation (3.6) a function of
the local mass imbalance [25], but also by a two step second order conservative
re-initialization [26]. The more frequently this equation is solved, the fewer
iterations are needed to reach steady state; of course, frequent solution of this
equation increases the computational cost so there is a trade-off.

Sussman et al. [27] combined a level-set method with a variable density
(large density ratios) projection method to allow for computation of a two-
phase flow where the interface can merge/break and the flow can have a high
Reynolds number with good agreement with expected results. They proposed
to include an adaptive mesh refinement method as future work in order to
save computational time.

Regarding the description of the interface discontinuities, two approaches
can be used, namely the continuous force formulation (“delta” formulation),
which assumes that the interface is 2 or 3 grid cells thick, and the ghost fluid
method (GFM) which was derived by Fedkiw et al. [28] to capture jump con-
ditions on the interface. The GFM approach not only avoids the introduction
of a fictitious interface thickness, but it is also suitable to provide a more
accurate discretization of discontinuous terms, reducing parasitic current and
improving the resolution on the pressure jump condition [29].

Many other level-set methods have been proposed; they differ in the choices
for various steps. The review made by Osher and Fedkiw [30] is a good
summary of them. Even VOF and level-set combination methods have been
developed to ensure mass conservation [31].

Level-set method in Diesel engine applications

Desjardins et al. [32] combined a GFM for handling the inter-facial forces and
large density jumps while avoiding artificial spreading of the interface with a
conservative level-set method [26] to simulate a liquid Diesel jet at Re = 3000.
Their method was robust and mass conservation errors remained small.
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Following the same strategy, Ménard et al. [33] developed a model in which
the interface tracking is ensured by the level set method with a re-distancing
algorithm and GFM is used to capture accurately sharp discontinuities for
pressure, density and viscosity. The level set method is coupled with the VOF
method for mass conservation. This model was used to successfully simulate
the primary break-up of a turbulent liquid jet, as shown in Figure 3.4.

Figure 3.4: Development of the liquid jet (injection velocity of 100m/ s, time
step of 2.5 pm) [33].

Herrmann [34] used a refined level-set method grid approach to simulate
the primary atomization of round turbulent liquid jets injected into stagnant
high-pressure air under Diesel engine conditions. In his simulation, broken off,
small-scale nearly spherical droplets were transferred into a Lagrangian point
particle description allowing for full two-way coupling. All level-set related
equations were evaluated on a separate, uniform Cartesian grid with aspect
ratio 1, split into uniform super-grid blocks and overlaid onto the flow solver
grid on which the Navier-Stokes equations were solved. Grid independence
of larger scale droplets could be obtained, however it was not fully achieved
for drop size number frequency. From his results, turbulence appears to the
driving mechanism or at least the initiator of atomization within the fist 20
diameters downstream of the injector. As a final remark, he highlighted that
although computational resources have increased manifold in past decades,
those simulations still remained extremely challenging due to the range of
involve time- and length-scales.

DNS and LES simulations of air-assisted break-up of both planar and coax-
ial liquid layers carried out by Desjardins et al. [35] showed to agree well with
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theoretical and experimental results. They were able to capture important in-
stabilities for atomizing flows, such as Rayleigh-Plateau and Kelvin-Helmholtz
instabilities. A conservative level-set method was employed, improved through
the use of local re-initialization enabled by an efficient fast marching method.
A high density ratio correction algorithm was employed that led to tighter
coupling between mass and momentum transport.

Finally, Arienti and Sussman [36] combined the level-set VOF method
with the wall boundary representation using a second level-set function to
treat complex wall boundaries in two-phase, free-surface flow simulations. The
non-slip boundary condition at the walls is enforced by properly populating
the ghost cells of a narrow band inside the solid body, using a simple and nu-
merically robust treatment of the contact line. The update of the ghost region
cells and the handling of the contact angles (see Figure 3.5) were relatively
inexpensive operations, however there was a substantial extra cost when the
full reconstruction of the solid level set is carried out at every time step, as in
the moving needle.

5 10 30 50 70 90 110 130 150 154

Figure 3.5: Contours of pressure (MPa) at 1710 ps after SOI [36].

3.4 Eulerian-Lagrangian models

The Eulerian-Lagrangian model is the classical approach in engine applications
not only due to its high efficiency to predict macroscopic and microscopic
parameters of the spray, but also because it suits well to all process taking place
in a combustion chamber: evaporation, combustion, emissions, heat transfer,
etc. This model was first developed for dispersed sprays (see Figure 3.1), with
a maximum limit for the volume fraction of about X = 0.1, however due to
its reasonable efficiency, it is also used for dense jets, such the Diesel spray
which presents an intact liquid vein nearby the injection point.

Computational particles (droplet or bubbles parcels) are released into the
main flow and their position and velocity are obtained by integrating the par-
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ticle equation of motion. Therefore, two numerical approaches are used in
these models: the carrier phase is resolved by an Eulerian description, while
the dispersed phase in form of parcels is resolved by a Lagrangian description.
Parcels represent a group of identical droplets (i.e. same radius, velocity,
temperature, etc.) which do not interact between them and are used to sta-
tistically represent the entire spray field. In the statistical treatment of the
droplets, originally proposed by Dukowicz [37] and named Discrete Droplets
Model (DDM), equations governing the liquid part of the spray are solved
by a Monte-Carlo method. This saves computational effort compared to the
Continuum Droplets Model (CDM) where each single droplet is represented
and calculated.

Spray droplets are subject to several processes from the time of injection
until the time of vaporization. The interaction between phases is performed
by addition of source terms, pondered by the void fraction, in the governing
equations. Different sub-models, which play a major role in the success of the
Eulerian-Lagrangian models, are used to define these source terms because the
interface cannot be directly resolved due to computational limitations. The
grid resolution is also a key parameter for the simulations. It must not be too
coarse to avoid numerical diffusion and thus poor estimation of the evolution
of the spray; but at the same time it cannot be too fine due to the limitation
to the void fraction. In that sense, Abraham [38] proved that at least two cells
covering the orifice exit are needed to correctly model a turbulent gaseous jet
(the orifice exit diameter is the characteristic length of the problem).

3.4.1 Break-up models

Among all the sub-models employed in Eulerian-Lagrangian methods (which
are the liquid injection model, the spray break-up model, the droplet drag,
collision, and turbulent dispersion models, the droplet/wall interaction model,
and the evaporation model) the break-up one is the most important. There are
several options for this model depending on the main atomization mechanism:

o Kelvin-Helmholtz or wave break-up model: based on a liquid jet stability
analysis, it is described in detail by Reitz [39]. The analysis considers
the stability of a cylindrical, viscous, liquid jet issuing from a circular
orifice into a stagnant, incompressible, inviscid gas. The primary break-
up of the jet is then related to the Kelvin-Helmholtz instability induced
by the relative velocity at the interface. Among the many wavelengths,
the one which grows faster is considered as the one responsible for the
break-up.
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Kelvin-Helmholtz ACT break-up model: developed by Som and Aggar-
wal [40], it is a modification of the Kelvin-Helmholtz model that includes
the effects of aerodynamics, cavitation and turbulence on primary break-
up.

Rayleigh-Taylor break-up model: in addition to the Kelvin-Helmholtz
break-up model, the Rayleigh-Taylor instability is also believed to be re-
sponsible for droplet break-up [41]. The unstable Rayleigh-Taylor waves
are thought to occur due to the rapid deceleration of the droplets from
the magnitude of the drag force.

Taylor Analogy Break-up model: developed by O’Rourke and Amsden
[42], it is a classic method for calculating drop distortion and break-up.
This method is based on Taylor’s analogy between an oscillating and
distorting droplet and a spring-mass system.

Linearized Instability Sheet Atomization model: developed by Senecal
et al. [43], it includes two parts, a general liquid sheet break-up mech-
anism proposed by Dombrowski and Johns [44] and a liquid injection
methodology specifically for pressure-swirl atomizers.

Reitz and Diwakar model: according to this model, droplet break-up
due to aerodynamic forces occurs in one of the following modes (see also
Section §2.4.1), bag break-up in which the non-uniform pressure field
around the droplet causes it to expand in the low-pressure wake region
and eventually disintegrates when surface tension forces are overcome,
and sheet stripping break-up in which liquid is sheared or stripped from
the droplet surface [45].

Pilch and Erdman model: droplet break-up is directly calculated from
correlations developed by Pilch and Erdman [46] who assumed that it
occurs if the droplet Weber number is greater than the critical Weber
number. Five break-up regimes are distinguished (see Section §2.4.1),
which define the dimensionless total break-up times.

Hsiang and Faeth model: developed by Hsiang and Faeth [47], it is
valid for droplet Weber numbers lower than 1000 and covers all types of
break-up that are of interest in Diesel engine spray applications.

Chu model: developed by Chu and Corradini [48], it is based on the
Rayleigh-Taylor instabilities. Its theoretical correlation predicts droplet
sizes on the basis of an exponential function.

Kelvin-Helmholtz Rayleigh-Taylor model: described by Patterson and
Reitz [49], it consists of a composite process which Kelvin-Helmholtz
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aerodynamic instabilities growing on a droplet surface are simultane-
ously calculated with Rayleigh-Taylor instabilities resulting from the
deceleration of the injected droplets. The two physical models compete
with each other and the one predicting the fastest onset of an instability
gives rise to break-up event.

Eulerian-Lagrangian models in Diesel engine applications

Typical Eulerian-Lagrangian spray computations are strongly mesh (size and
structure) and time-step dependent because of an inadequate spatial resolu-
tion of the strong velocity and vapor concentration gradients induces numerical
diffusion [50]. Thus, in Diesel sprays, the Eulerian field is not properly com-
puted close to the nozzle exit in the vicinity of the liquid phase. The main two
sources of grid-dependency are due to errors in predicting the droplet-gas rela-
tive velocity, and errors in describing droplet-droplet collision and coalescence
processes. The injector position in the grid also strongly influences the results.
When the injector tip is at a mesh node, the spray is split into four cells. Fur-
thermore, there are other sources of errors [51]. In simulations where a fixed
number of computational particles is used to represent the dispersed phase on
a grid, the statistical error in a grid-based estimate of any mean field quan-
tity increases with grid refinement, resulting in a non-convergent simulation.
A solution to this problem is the use of grid-free kernel-base estimators. An-
other source of numerical errors is spatial non-uniformity in the distribution of
computational particles. A computational particle number density control al-
gorithm that employs time-evolving statistical weights ensures a near-uniform
distributions to remedy this problem.

Béard et al. [52] proposed a solution to the grid-dependency problem con-
sisting in retaining vapor and momentum along parcel trajectories as long as
the mesh is insufficient to resolve the steep gradients. Vapor and momentum
are gradually released on the mesh following specified laws. They reproduced
properly the evaporating spray structure and penetration while having a very
limited mesh sensitivity. Following the same path, Abani et al. [53] and Abani
and Reitz [54] introduced a sub-grid scale gas-jet model in the unresolved re-
gions near the injector nozzle in order to reduce grid-dependency due to the
relative velocity effects. The new spray model proved to provide adequate
mesh independent results in terms of spray penetration, droplet sizes, pres-
sure traces and heat-release rates, better than the original model for high-load
operation points. Garcia-Oliver et al. [55] also obtained better agreement with
experiments and grid independence following exactly the same procedure but
using a one-dimensional model [56, 57] instead of the gas-theory. In addition,
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Shuai et al. [58] established a radius of influence of collision methodology for
each gas phase to estimate the collision probability for each parcel in the cell
and greatly reduced the mesh dependence for low temperature combustion
Diesel engine. A different approach was employed by Kim et al. [59], who,
after reviewing the momentum equation, presented an enhanced momentum
coupling and introduced the improved collision models to obtain the goal of
reducing grid dependency.

Xue et al. [60-62] developed an adaptive mesh refinement methodology to,
on one side, overcome the grid dependence issue, and on the other side save
computational cost. They tested the new methodology in both spray and en-
gine cases. Kolakaluri et al. [63] compared simulations carried out employing
this adaptive mesh strategy with experimental data in gasoline spray struc-
ture and liquid length, and also in liquid length of a vaporizing Diesel spray
and its variations with different parameters (orifice outlet diameter, injection
pressure, ambient gas temperature and density). Computations showed accu-
racy with reasonable computational cost. Lucchini et al. [64] also employed a
dynamic local grid refinement where the air-fuel mixing process takes place to
drastically reduce computational time. Their methodology works also with un-
structured hexahedral meshes, hence it can be applied to simulate real Diesel
engine combustion chambers.

Hohmann and Renz [65] extended the evaporation model to account for
the effects of non-ideal droplet vaporization and gas solubility including the
diffusion of heat and species within fuel droplets. Their results showed that
the differences between the various spray models are pronounced for single
droplets, however the droplet diameter distribution is more influenced by sec-
ondary break-up and droplet coalescence.

Abraham and Pickett [66] tested three models, an Eulerian-Lagrangian
model, a gas jet model and a virtual-liquid source model, and quantitatively
compared fuel vapor concentrations with experiments. While all three were
in general agreement as shown in Figure 3.6, computed and measured results
did not agree along the axial centerline during transient penetration, measured
values were higher. The computed spreading angle was, as expected, greater
than the measured one, and radial profiles at the quasi-steady state showed
better agreement far downstream from the nozzle exit than close to the orifice.

Regarding the break-up model, Hossainpour and Binsesh [67] analyzed
four different models, Chu, Reitz and Diwakar, Kelvin-Helmholtz and Kelvin-
Helmholtz Rayleigh-Taylor (according to the authors, models other than these
have not acceptable predictions for Diesel engine simulations), for a sample
case. Compared to experimental results, Chu and Reitz and Diwakar models
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Figure 3.6: (a) Measured mixture fraction and computed mixture fraction
contours at 1.13 ms after SOI with the (b) Eulerian-Lagrangian, (c) virtual-
liquid source and (d) gas jet models [66].

over predicted the spray penetration. Additionally and as expected, Kelvin-
Helmholtz Rayleigh-Taylor predicted faster disintegration of big droplets and
higher rate of vaporization than the Kelvin-Helmholtz model.

Kosters and Karlsson [68] developed a new model where the traditional
parcel was replaced by a so-called stochastic blob containing droplets with a
distribution of sizes rather than a number of uniform-sized droplets. These
blobs do not interact with the grid directly, but through bubbles of locally
determined size (less grid dependence). In addition, they compared results
obtained with both the standard k — ¢ and RNG k — € turbulence models.
When the RNG k — € model was used with standard constants the predicted
vapor penetration is too high, however with a tuned standard k — € model,
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the model predicts the vapor and liquid penetration very well under all tested
injected conditions tested.

Contrary to Kosters and Karlsson [68], Sukumaran et al. [69] found a
tendency to under-predict the vapor penetration, especially at high ambient
pressure conditions, associated to the lack of momentum sources beyond the
liquid spray region. To solve that problem, they implemented a gas particle
model which tracks the momentum sources resulting from the evaporated
spray. The imaginary gas particle continuously exchanges momentum with
the gas phase until the velocity of the gas particle is comparable to that of
the gas phase velocity. Good levels of agreement with experimental data and
grid independence were observed.

Tonini et al. [70] tried to solve the issues of the Eulerian-Lagrangian model
in the near-field, and then avoid the necessity of using other type of models, by
the simultaneous employment of three numerical methodologies: distribution
of source terms expressing the mass, momentum and energy coupling between
the two phases through the use of weighting functions (which distribute them
in a conservative way), estimation of the airflow properties at the time scale of
droplet movement through the introduction of so-called virtual properties, and
application of adaptive local mesh refinement in the area of liquid injection.
The results obtained highlighted the significant improvements of the method
compared to the standard methodology, in terms of accuracy (errors lower
than 8%), numerical stability and dependency on the grid resolution.

A two-way interaction bubble tracking method was developed by
Tomiyama et al. [71]. They successfully applied the model to a laminar bubbly
up-flow in a vertical duct, and observed the potential of the model of predicting
flow pattern transition from bubbly to slug flow. Though the original purpose
of the model was a different one, it can be used to model cavitation inside
the injector nozzle. In fact, and although they followed a different approach,
Giannadakis et al. [72, 73] presented and validated an Eulerian-Lagrangian
model which accounts for a number of primary physical processes pertinent
to cavitation bubbles, integrated into the stochastic framework of the model.
Figure 3.7 is an example of their results.

Senecal et al. [74] presented a state of the art modeling methodology, and
described key features of it, such as adaptive mesh refinement, advanced liquid-
gas momentum coupling, and improved distribution of the liquid phase. They
demonstrated the ability of the Eulerian-Lagrangian approach to use cell sizes
much smaller than the nozzle diameter. Continuing their work, Som et al.
[75] used the same methodology and implemented a METIS multilevel parti-
tioning (which improved the load-balancing and wall-clock time per cycle) for
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Figure 3.7: Predicted flow structure inside the nozzle, revealing the zones
where the break-up, growth and collapse take place (p; = 60 MPa, p, =
0.6 MPa, nl=300um) [73].

simulating a single-cylinder compression ignition engine. They also performed
a grid dependence study, concluding that 0.25 mm grid size may be optimum
keeping in mind computational accuracy and wall-clock times.

Eulerian-Lagrangian LES models in Diesel engine applications

Bharadwaj et al. [76, 77| were one of the first in simulating high injection
pressure Diesel sprays using a LES model. The sub-grid stress tensor was
modeled with a non-viscosity tensor coefficient (one equation dynamic struc-
ture model) and an extra transport equation for the sub-grid kinetic energy
was solved. Since the liquid droplets can be a significant source of turbu-
lence, a spray source term for the sub-grid kinetic energy was developed to
account for spray-induced gas turbulence. The model depends on the sub-grid
gas velocity which is obtained using an approximate deconvolution method.
Vuorinen et al. [78] also used a LES and proved that even in a low Weber num-
ber flow (We < 13) the droplet break-up modeling (natural resonance time
according to the Poisson process) may need considerable attention in contrast
to what is typically assumed. They also showed that a dispersion pattern that
depends on droplet diameter is produced even without any dispersion model.

Xue et al. [79] studied the LES sub-grid scale Smagorinsky, one equation
dynamic structure models and no use of it, and compared the results with
the Reynolds-Averaged Navier-Stokes (RANS) approach using the RNG k — ¢
turbulence model simulations and experimental results. They also studied the
grid dependence by using an adaptive mesh refinement method. At the end,
they estated that nowadays LES is a viable alternative to RANS for engine
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sprays, since it is more predictive in capturing flow structure and local spray
characteristic with reasonable wall-clock times.

Jones and Lettieri [80] developed a probabilistic LES (based on the local
Weber number) for secondary break-up able to adapt different break-up mech-
anisms. They also proposed a simple modification to the drag coefficient to
account for droplet shapes and orientations other than spherical (balloon or
parachute), but realized that the statistical nature of the model ameliorated
the effects of that model. Such type of model was also employed by Irannejad
and Jaberi [81], who assumed that the size and number density of the droplets
generated by the break-up model are governed by a Fokker-Planck equation
describing the evolution of the probability density function of droplet radii,
and that the fragmentation intensity spectrum is Gaussian. The aerodynamic
interactions of droplets in the dense part of the spray were modeled by cor-
recting the relative velocity of droplets in the wake of other droplets, whose
effect is shown in Figure 3.8.

Figure 3.8: Vapor concentration contours of spray, at top without droplet
wake interactions and at bottom with them (injection velocity of 90.3 m/s,
pg = 14.8 kg/m? and T, = 700 K) [80].

3.5 Eulerian multi-fluid models

In the Eulerian multi-fluid model, gas and liquid phases are treated as inter-
penetrating continua in an Eulerian framework with separate velocity and
temperature fields. The gas phase is considered as the primary phase, whereas
the liquid phase is considered as dispersed or secondary phase. Both phases
are characterized by volume fractions, and by definition, the volume fractions
of all phases must sum to unity.
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The governing equations of the multi-fluid model can be derived by con-
ditionally ensemble averaging of the local instant conservation equations of
single-phase flow. However, since the averaged fields of one phase are not
independent of the other phase, interaction terms are needed for the mass,
momentum and energy transfers to the phase from the interfaces [7, 82]

The methods used to compute these flows are similar to those used for
single-phase flows, except for the addition of the interaction terms and bound-
ary conditions (which make them far more complicated) and, of course, twice
as many equations need to be solved. The transfer processes of each phase
are expressed by their own balance equations, anticipating that the model
can predict more detailed changes and phase interactions than the mixture
or homogeneous model. Thus, it is expected that multi-fluid models can be
useful to the analysis of transient phenomena, wave propagations and flow
regime changes taking into account dynamic and non-equilibrium interaction
between phases.

However, if the two phases are strongly coupled, the multi-fluid model
brings into the system unnecessary complications for practical applications.
Furthermore, no generally accepted turbulence models exist; parameter in any
models are probably volume fraction dependent. Several alternatives have
been suggested, divided in mixture and dispersed turbulence models: mixture
models use mixture properties to calculate the viscous stress so they are ap-
plicable for stratified flows when densities of the phases are of the same order;
and dispersed models use the theory of dispersion of particles by homogeneous
turbulence to obtain the turbulence quantities of the dispersed phase. There
is also another option, which consists of using a different turbulence model for
each phase.

Eulerian multi-fluid models in Diesel engine applications

A cavitation Eulerian multi-fluid model was developed by Alajbegovic et al.
[83]. The model was isothermal, so energy balances were not needed and only
mass and momentum exchange terms were used. As proposed by Sato and
Sekoguchi [84], a bubble induced viscosity term was added to the standard
turbulent viscosity induced by shear and turbulence effect.

Zhang et al. [85] numerically studied also the cavitation phenomena in sac
and VCO type nozzles. Injection pressure, back pressure, inlet rounded radius
and inclination angle of the orifice were changed. As experimentally obtained
[3], increasing injection pressure could easily lead cavitation, decreasing back
pressure is helpful to generate fuel bubbles, and large inlet rounded radius
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and inclination angle of the orifice generate less vapor bubbles and increase
exit mass flow. They also found that at high injection pressure, the change in
mass flow of sac type nozzles is less than that of VCO type.

Alajbegovic et al. [86] extended the common Eulerian two-fluid model to a
three-phase model. Though it was applied to GDI high-pressure swirl injector,
the results are also interesting for Diesel applications. The key features of the
flow were predicted, the formation of a thin conical fuel sheet with an air core,
and also cavitation in the depression located in the air core, as depicted in
Figure 3.9. Masuda et al. [87] also used a three-fluid and a cavitation model
but for a real size Diesel injector nozzle, and took into account the needle
movement. They found out that unsteady change of the secondary flow (twin
vortices), which splits the cavitation region in two, is caused by the needle
movement.

Battistoni et al. [88, 89] used the model developed by Alajbegovic et al.
[83] to investigate fuel property effects in terms of density, viscosity and vapor
pressure of two fuels, Diesel and Bio-diesel, and two nozzle designs, cylindrical
and conical orifices. The transient needle lift was linearized and included in
the simulation. Vapor pressure revealed to be scarcely important as far as the
mass flow rate and the inner nozzle flow field are concerned (see Figure 3.10).
Diesel fuel seemed to provide slightly higher values than Bio-diesel when the
orifice is conical. In case of strong cavitation, effects of viscosity and density
were counterbalanced and mass flow rates were similar. In their works, the
internal flow simulation results were coupled with spray simulations, but this
aspect is analyzed in a posterior section.

Iyer and Abraham [90] presented an Eulerian multi-fluid model for Diesel
sprays and carried out computations under a wide range of injection condi-
tions. Adequate agreement according to the authors was obtained quanti-
tatively, within 30%, when simulations are compared with experiments, and
qualitatively as parameters were changed.

High order Eulerian moment methods in Diesel engine applications

However, for spray simulations where the flow is dispersed, Eulerian multi-
fluid models are computationally expensive and simulation of real cases of
practical interest requires intractable computing times. Nonetheless, there are
another approaches for the particle size distribution calculation, the method of
moments (MOM) or quadrature method of moments (QMOM) [91], which are
computationally affordable but have proven to be inaccurate [92]. Marchisio
and Fox [93] formulated and validated a direct quadrature method of moments
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Figure 3.9: Volume fraction field for air, fuel liquid and vapor phase as a
function of simulation time [86].

(DQMOM) based on the idea of tracking directly the variables appearing
in the quadrature approximation rather than tracking the moments of the
particle size distribution. This model was successfully applied to Diesel engine
conditions by Friedrich and Weigand [94]; results showed good agreement with
experimental data such as spray penetration, local droplet sized and local
droplet velocities.
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Figure 3.10: Liquid volume fraction at three different times after SOI [89].

3.6 Homogeneous flow models

A computational particle is not a real physical particle, i.e. Lagrangian
parcels. Alike, a computational phase in multiphase CFD is not the same
as a phase in the physical sense, computational phase represents a mass mov-
ing at a single velocity.

Homogeneous flow approach is the simplest multiphase CFD model. The
basic concept of this model is to consider the mixture as a whole, therefore
the field equations should be written for the balance of mixture mass, momen-
tum and energy in terms of the mixture properties. These three macroscopic
mixture conservation equations are then supplemented by a diffusion equation
that takes account for the concentration changes. A local equilibrium between
the continuous, carrier, and dispersed phases is assumed (all phases share the
same pressure), i.e. at every point the particles move with the terminal slip
velocity relative to the continuous phase, this allows velocity components for
dispersed phases to be calculated from algebraic formulas. Other hypothesis,
which could be also applied to previous models, are [95]: each of the phases
may consist of the same pure substance, both phases are chemically inert,
polar and electromagnetic effects are neglected, and all interfaces between
the phases are devoid of any physical property such as mass, surface tension,
surface energy, etc.

This model is also called in the literature by algebraic slip (mixture)
model, diffusion model, suspension model, local-equilibrium model and drift-
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flux model. Its main advantages are: fast because there are significantly less
equations to be solved; describes well particle size and other distributions;
and describes well the effect of turbulence on mixing of the dispersed phase.
Its main drawbacks are: numerical problems such long computing times due
to small time steps; difficulties in convergence; only a few secondary phases
are possible; and more difficulties if mass transfer (evaporation) and chemical
reactions are considered. Additionally, when applied to high-to-low pressure
transients, these models may cause significant discrepancies, artificial discon-
tinuities and numerical instability [7].

The essential approximation of this model is the local equilibrium assump-
tion, in other words, particle are accelerated instantaneously to the terminal
velocity. Therefore, a requirement for the applicability of this model is that
the characteristic length of particle acceleration is much smaller than the char-
acteristic length of the system. So generally, homogeneous flow models are not
suitable for gas-particle flows or clustering flows, but can be used for liquid-
solid flows and bubbly flows if bubbles are not big.

Homogeneous flow models in Diesel nozzle flow applications

As pointed out by Delannoy and Kueny [96], the pulsation of an attached
vapor cavity in a cavitating flow is hard to describe with classical interface
tracking methods. So they proposed a homogeneous model with a barotropic
equation of state able to treat supersonic zones, incompressible zones and
discontinuities. In that equation, the density was a continuous function which
took the value of the incompressible liquid or incompressible vapor depending
on the zone and varied with a sine function of the local pressure in the mixture
zone. The growth, detachment and collapse phases were well represented,
though the experimental Strouhal number was not predicted. Furthermore,
due to instability issues the density ratio could not be large.

Kubota et al. [97] presented a bubbly two-phase flow model which could
explain the interaction between viscous effects including vortices and cavita-
tion bubbles where the growth and collapse of a bubble cluster is given by a
modified Rayleigh’s equation. Their model treated the inside and outside of
a cavity as one continuum by regarding the cavity as a compressible viscous
flow whose density changes greatly. They showed the mechanism of cavitation
cloud generation and large-scale vortices, the boundary layer separates at the
cavity leading edge, then it rolls up and produces the cavitation cloud.

Posteriorly, Chen and Heister [98] implemented a cavitation model via
solution of the two-phase Navier-Stokes equations formulated with the use
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of a pseudo-density which varies between vapor and liquid densities and it
is calculated from an analytical correlation based on the Rayleigh’s bubble
collapse. Results for sharp-edged orifices indicated that partial cavitation
flows are typically periodic, with a period of the order of the orifice transit
time. Reducing orifice diameter tended to inhibit cavitation, even a slight
rounding of the orifice inlet lip had dramatic effects on both cavitation and
orifice discharge characteristics. This model assumed that the flow contained
certain number of small spherical bubbles, in agreement with experimental
images obtained by Soteriou et al. [99] in large scale nozzles, but not with the
ones published by Chaves et al. [100] in real size Diesel nozzles, who observed
a continuous vapor cloud.

In order to model extremely high pressures, Schmidt et al. [101] presented
a numerical model that treats liquid and vapor as a continuum where the com-
pressibility of both phases was included through a barotropic Wallis model,
and a third-order shock-capturing technique was applied to the continuity
equation to capture sharp jumps in density. The model successfully predicted
discharge coefficient and exit velocity for a variety of nozzle geometries. Kér-
rholm et al. [102] validated this type of model against calibrated orifices, and
Habchi et al. [103] proved that homogeneous equilibrium modeling (HEM)
was able to reproduce different cavitation regimes observed experimentally, as
seen in Figure 3.11.

Figure 3.11: Contours of void fraction. Appearance and stabilization of cavi-
tation in a single hole injector (p; = 30 MPa), bottom at 14.2 ps and top at
531 ps after SOI [103].

Giannadakis et al. [73] studied the predictive capability of an Eulerian-
Lagrangian, an Eulerian multi-fluid and a homogeneous full cavitation models
(all three assumed that cavitation is a mechanically-driven phenomenon de-
parting from thermodynamic equilibrium) for the onset and development of
cavitation for different cavitation numbers (regimes). Results indicated that
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the two Eulerian models predicted a large void area inside the injection hole
while the Lagrangian model predicted a more diffused and gradual vapor dis-
tribution. The collapse of the cavitation zone was not captured properly from
the Eulerian models in the case of transition from the incipient to the fully
cavitating flow regimes. This trend was better captured by the Lagrangian
model. However, all models predicted similarly the velocity increase inside
the injection hole caused by the presence of vapor, and a similar reduction in
the nozzle discharge coefficient.

Liquid turbulence was significantly underestimated by the Eulerian models
in the cavitation zone showing decreasing trends in contradiction with experi-
mental observations while this was better simulated by the Lagrangian model
[73]. However, it was found by Bicer et al. [104] that SST k — w turbulence
model gives good prediction for the cavitation region while the traditional
k — € model underestimated vapor mass fraction in terms of cavity length and
thickness due to and over prediction of turbulent viscosity. They also estated
that HEM with a barotropic closure cannot predict the transient cavitation
may be due to the assumption of perfectly mixed liquid and vapor phases in
each cell.

Another comparison between models was carried out by Battistoni et al.
[105]. In this case, they compared a homogeneous relaxation model with a
multi-fluid non-homogeneous model which used the Rayleigh bubble-dynamics
model to account for cavitation. The amount of void predicted by the multi-
fluid model was in good agreement with measurements, while the mixture
model over predicted the values, though qualitatively void regions looked sim-
ilar.

Echouchene et al. [106] used a HEM to study the effect of wall roughness
in the cavitating and turbulent flow inside a Diesel injector. They noticed
that the effect of wall roughness on turbulence variables appeared mainly on
the wall vicinity (see Figure 3.12). Nonetheless, for low injection pressure, the
discharge coefficient decreased when increasing the roughness height (due to
the modification of the velocity profile shape); and for large injection pressure,
the effect of roughness height revealed to be relatively small.

Salvador et al. [107] computationally compared the internal flow behav-
ior of a standard Diesel fuel against a Bio-diesel fuel at cavitating and non-
cavitating conditions. Bio-diesel fuel gives higher mass flow (due to its higher
density) and reaches later critical cavitation conditions, so cavitation intensity
is lower for the same injection conditions. As a consequence of the decrease of
injection velocity and cavitation intensity, the air-fuel mixing process worsen
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Figure 3.12: Comparison of contour lines of vapor volume fraction for smooth

(left hand side) and rough (right hand side) wall [106].

for the Bio-diesel fuel. This work is similar to the one carried out by Battistoni
et al. [88, 89] but results and conclusions are not exactly the same.

Some of the so far cited authors remarked the necessity of taking into
account transient boundary conditions when numerically studying the cavita-
tion. For example, Habchi et al. [103] and Lee and Reitz [108] used pressure
wave transmissive inlet and outlet boundary conditions so cavitation could
normally leave the domain without any numerical collapse. An arbitrary
Lagrangian-Eulerian approach was used to model the needle displacement.
Martinez-Loépez [109] dug deeper in this topic and used a HEM with pressure
wave transmissive boundary conditions to study the effect of the needle lift
on the cavitation phenomenon. He showed that for low needle lifts, the mass
flow is always chocked as a consequence of the presence of vapor in the needle
seat closing. He also compared steady state simulations at different needle
lifts with a moving mesh strategy, obtaining differences in mass flow rate,
momentum flux and injection velocity lower than 15%.

A new criterion for cavitation inception based on the total stress was im-
plemented in a mixture model and evaluated by Som et al. [110]. Results indi-
cated that under realistic diesel engine conditions, cavitation patterns inside
the orifice are influenced by the new cavitation criterion. The computational
model was then used to characterize the effects of the injection pressure, the
needle lift position and the fuel type on the internal nozzle flow and cavita-
tion behavior. They observed, for example, that cavitation patterns shifted
dramatically as the needle lift position was changed during an injection event.
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Saha et al. [111] developed a model based on the mixture approach with
newly derived expressions for the phase change rate and local mean effective
pressure, the two key components of a cavitation model. The effects of fuel
type, turbulence, compressibility and wall roughness were accounted for. Their
results showed agreement with already commented ones: RNG k—e turbulence
model was comparable in performance with realizable kK — ¢ and SST k — w
models, the wall roughness was not an important factor, cavitation inception
for Bio-diesel occurred at a higher injection pressure compared to Diesel due
to its higher viscosity, and the effect of liquid phase compressibility becomes
considerable for high injection pressures.

Homogeneous flow models in Diesel spray applications

So far, homogeneous flow models have been used to simulate the multi-phase
flow of cavitating nozzles, but the same principle can be applied for a Diesel
sprays. Vallet et al. [112] developed an Eulerian model for the atomization of a
liquid jet, considered as turbulent mixing in a homogeneous flow with variable
density in the limit of large Reynolds and Weber numbers. In this model,
large-scale features of the flow are supposed to be independent of viscosity and
surface tension; while small-scale features do depend on viscosity and surface
tension. Dispersion of the liquid in the gas phase is computed by a classical
equation for the turbulent diffusion flux of the liquid. The mean size of the
liquid fragments is obtained with a new equation for the mean surface area
of the liquid-gas interface per unit of volume. Their results were encouraging
when compared to experiments, though clear imperfections showed up in the
range x/D, < 20.

Blokkel et al. [113] combined for the first time an Eulerian model for the
dense part of the spray, concretely the model developed by Vallet et al. [112],
with a Lagrangian DDM model. The switch criteria they used was that the
average free space between two droplets is twice the size of the mean droplet
diameter. A comparison with an experimental case and several qualitative
validations demonstrated the good trends of the model and its ability to ac-
curately reproduce the evolution of the spray angle as the gas density in the
combustion chamber increased. However, authors pointed out some improve-
ments left: a new generalized turbulence model to take into account flows
with very high density ratio, and add the vaporization process to carry out
complete combustion calculation.

Beau et al. [114] used the same procedure and named it Eulerian-
Lagrangian Spray Atomization (ELSA) model. They tested three different
turbulent flux closure laws: gradient, single-phase and drag law. The gradient
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closure did not appear to be efficient for modeling the cases where the liquid
and the gas phases were not in dynamic equilibrium (drift between the two
phases), so the exact transport equation of the diffusion flux was considered
as well. The criteria of the switch to Lagrangian approach was that the liquid
volume fraction becomes smaller than 0.1. It was not possible to validate the
new models or decide which one was the best because of the lack of precise
experimental data near the injector nozzle, nevertheless, a better behavior of
the model based on turbulent transfer in the dense part of the spray and on
the drag law when the spray can be considered as a set of liquid droplets was
shown.

In the same framework, Lebas et al. [115] validated the ELSA model with
a gradient closure law for the turbulent flux under several evaporating con-
ditions, changing the ambient gas density (from 12 to 30 kg/m?), the am-
bient temperature (from 800 to 1100 K), the injection pressure (from 80 to
150 MPa) and the fuel type (heptane and dodecane). Figure 3.13 is a sample
of their results. They concluded that more work was still needed: take into
account evaporation in the dense spray region, a secondary order closure term,
and apply a combustion model.

Figure 3.13: An example of spray evolution in the transient time, top at 100 us
and bottom at 200 ps [115].

Following the recommendations given by Blokkel et al. [113] and Lebas et
al. [115], Demoulin et al. [116] developed a new turbulence model describing
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the increase in turbulent flux due to Rayleigh-Taylor instability induced by
density fluctuations and turbulence. This improved the predictions of the
model. They also proposed a different closure term for the turbulent diffusion
flux of the liquid which takes into account the large density variation effect.
Additionally, Ning et al. [117] implemented an equilibrium evaporation model
for the Eulerian part of the spray, and corrected the standard k — e turbulence
model to include the effects of compressibility and stretching of vortex tube by
the mean flow (which led to greater scale reduction and dissipation, less kinetic
energy and a lower effective viscosity). They also successfully developed a
HEM for cavitation able to predict well experimental trends [118]. As a final
remark, they ask for further improvements on the source terms in the transport
equation for the liquid surface density, which is used to determine primary
atomization.

Beheshti et al. [119] forgot about switching to Lagrangian description and
assessed the ability of a simple Eulerian model based on the use of a transport
equation for the average liquid surface, what they called ¥ — Y}, model, on
modeling air-assisted jet atomization. They used a standard k — e turbulence
model justified by the self-similar state of the air-assisted atomization. The
model was able to represent quantitatively the effects of injector geometry,
liquid and gas velocities and densities and the liquid surface tension.

Lebas et al. [120] compared the results of a new version of the ELSA
model in the dense zone of the spray to a DNS based on a coupled level-
set/VOF /ghost fluid method [33] in order to establish values of constants
and parameters of the model. Figure 3.14 summarizes their results. The
new version included an Eulerian evaporation model, the turbulent diffusion
flux developed by Demoulin et al. [116] with a standard k — e turbulence
model, and a new, more complete, expression for the mean interface area
density which accounts for the production by turbulent mixing, the mean
shear stress, break-up, coalescence and vaporization. After validation, they
included a combustion model for computing premixed/diffusion combustion,
which was able to represent well the influence of initial gas temperature on
the flame lift-off found experimentally.

A slight modification on production and destruction terms of the origi-
nal mean interface area density equation of the ¥ — Y};, model was proposed
and tested on pressure-swirl atomizers by Belhadef et al. [121], who used two-
dimensional axisymmetric swirl calculations using three-dimensional results
as boundary conditions in order to reduce the computational time. They
obtained good agreement in Sauter Mean Diameter when compared the simu-
lation results to experiments, however proposed that the closure term for the
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Figure 3.14: Cut of the liquid-gas surface density field obtained by using the
ELSA model and DNS [120].

liquid turbulent flux could be calculated using a transport equation in order
to take into account the gradients of the mean velocity and pressure.

Already introduced ELSA and ¥ — Y};, models used to simulate Diesel
sprays encountered difficulty in matching film profiles at large mass flow rates.
Trask et al. [122] solved this problem by including compressibility effects in
the 3 —Y};, model, which allowed, for example, to calculate the sudden expan-
sion occurring following the injector lip of gas-centered swirl-coaxial injectors.
They assumed an isentropic relationship between density and pressure and
then split the compressible effects between turbulent mixing, thermal expan-
sion and Mach effects by applying the chain rule to the continuity equation.
By limiting the rate at which entrainment occurs via the Schmidt number,
the film profile was accurately predicted over a wide range of momentum flux
ratios.

Hoyas et al. [123] evaluated and validated the ELSA model by performing
a grid independence study for a two-dimensional case and adjusting one of
the constants of the dissipation rate transport equation of the standard k£ — ¢
turbulence model. At the end, they proved that the ELSA model could provide
an accurate description of the droplet generation, spray angle and spray shape;
however, a broader range of injection conditions needed to be tested.

In the same way, Garcia-Oliver et al. [124] evaluated and validated the
compressible ¥ — Y, model for Diesel sprays under non-vaporizing and vapor-
izing conditions. Accurate predictions of liquid and vapor spray penetration,
as well as axial velocity and mixture fraction profiles, could be simultane-
ously achieved for a wide range of injection pressure and ambient conditions
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if one of the constants of the dissipation rate transport equation of the stan-
dard k — € turbulence model was changed (as done by Hoyas et al. [123]).
Nonetheless, model accuracy was better for high ambient density and injec-
tion pressure conditions. It was proposed that under low ambient density
and injection pressure conditions, inter-facial dynamics become more impor-
tant and the single velocity field assumption of the homogeneous model is less
appropriate.

3.7 Coupling methodology

The study of jets is classically divided in two different fields, internal (Sec-
tion §2.3) and external (Section §2.4) flows, not only due to the different
phenomenon taking place, but also the different time- and length-scales of the
problems and the easiness of access which defines the experimental technique
to be used. However, they are strongly linked, the flow properties at the exit of
the nozzle orifice define the structure and the behavior of the spray, therefore
the efficiency of the combustion process.

Lot of experimental research has been done for the last decades to know
the influence of the nozzle geometry and internal flow parameters on the spray
behavior [5, 125-128], so computational effort had to be also dedicated to this
topic.

Coupling methodology in Diesel engine applications

The common way to couple internal and external flows is, first, performing
an internal flow simulation, second, extracting the values of certain variables
at the orifice exit (i.e. velocity, turbulent kinetic energy, dissipation rate or
area coefficient), and third, using those values as input boundary and initial
conditions for the external flow simulation. Examples of this methodology
are the works of Chen et al. [129], Arcoumanis and Gavaises [130], Qin et al.
[131] and Masuda et al. [87] (each one selected different variables to use as
inlet boundary conditions). It has certain drawbacks related to its decoupled
nature. One issue is limited temporal resolution of the transient nozzle flow
phenomena, computational time steps are generally much different (on the
order of 10~® s for nozzle flow and 10~° s for spray) and can be incompatible,
thus time interpolation is used. In addition, the procedure does not take into
account feedback between the regions (e.g. recirculation) and furthermore
does not solve the full set of conservation equations for the bulk liquid phase
during the primary break-up process.
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Alajbegovic et al. [132] used an Eulerian multi-fluid model for modeling a
cavitating nozzle and the primary break-up. The model provided the initial
droplet size and velocity distribution for the droplet parcels released from the
surface of a coherent liquid core, and then switched to an Eulerian-Lagrangian
DDM model for the secondary break-up (the model used turbulent length
scale to determine the atomization length scale and also the droplet diameter,
assumed constant but depended on the radial position). Nonetheless, the
turbulence was resolved with a homogeneous model, ignoring then inter-facial
exchange terms. The injector and spray regions were represented within a
single calculation domain, represented in Figure 3.15. In this way there was
no need for the implementation of artificial boundary conditions, though a
mapping procedure was needed due to the mesh resolution of the internal
flow part of the domain was finer than the external flow part. The transition
from nozzle flow to spray was established by a continuous primary break-
up process, which caused disintegration of the continuous liquid phase over
a certain distance. The major advantage of the coupled approach was the
natural link between the cavitating nozzle flow and the downstream spray
break-up behavior. This allowed detailed and robust modeling of the overall
injection process.

Figure 3.15: Computational grid of the single-hole Diesel injector [132].

The development of the ELSA model allowed a different coupling approach,
the radial profile of the variables could be employed. Ning et al. [118, 133]
used a HEM for simulating a cavitating nozzle and introduced the liquid or
liquid-vapor mixture fraction, together with all the steady state flow quantities
obtained from the nozzle flow simulations, into the computational domain
through an inflow velocity boundary, whose diameter is the same as the nozzle
exit diameter. The number of cells across the inflow velocity boundary in
the ELSA simulations was equal to the number of cells across the nozzle



3.7. Coupling methodology 117

exit diameter in the corresponding nozzle flow simulations. However, if a
different number of cells is desired, the inflow boundary conditions for ELSA
simulations can be interpolated from the nozzle flow simulation results instead
of using direct coupling.

Wang et al. [134] modeled the nozzle flow also with a HEM. A special
rezoning method was made for needle lift motion [103] to replace the snapping
algorithm previously used [108]. After the nozzle flow was finished, the outflow
velocity and mixture density at each grid vertex of the nozzle exit were saved.
These data were then read into the ELSA external flow simulation as inflow
boundary conditions. Due to the large dimension of the solution domain, the
number of cells at the nozzle exit had to be smaller than that of a nozzle flow
simulation to ensure a reasonable computational time. Therefore, when the
physical quantities at the nozzle flow outlet are interpolated onto the inlet
of the spray chamber, the accuracy of the profiles is reduced by the coarse
resolution of the grid. To solve this issue, interpolated mixture density and
inflow velocity were corrected with factors to ensure the corresponding mass
and momentum flow rates were consistent with those from the nozzle flow
results.

In the simulation of Battistoni et al. [88] the domain comprised the injec-
tor, the nozzle region and extends beyond the hole exit including and outlet
chamber, as shown in Figure 3.16. Then, unphysical boundary conditions
at the nozzle exit, e.g. a constant pressure boundary which would influence
the results of cavitation patterns, were avoided. Spray calculations were car-
ried out by a DDM with blob injection model using the common coupling to
initialize the parcels of droplets, but, at each time step, blobs were released
from random locations within the exit cross section area (a suitable number
of blobs was required, they used 64 per time step). Thus, depending on the
release position, each parcel inherited the appropriate local value for each
physical quantity (velocity, turbulent kinetic energy and dissipation rate, den-
sity, volume fraction and temperature). Thus a sort of mapping procedure
was implemented. Using this approach radial distributions of momentum or
radial distributions of liquid mass fraction could be accurately predicted. Also
asymmetries originating from cavitation areas or due to uneven flow distribu-
tions inside the nozzle hole, were transferred to the spray computation, which
may reflect these effects.

Finally and though it is not a proper coupling methodology neither a Diesel
engine application, Befrui et al. [22, 135] used a VOF LES methodology capa-
ble of simultaneous analysis (a single domain) of the injector nozzle internal
flow and the near-field jet breakup process to study the influence of nozzle
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liquid

Figure 3.16: Contours of liquid volume fraction. Cavitation pattern inside the
nozzle orifice [88].

design and geometric parameters of a single-hole GDI injector on the spray
structure (see Figure 3.3). In the field of Diesel injection, Arienti and Suss-
man [36] also took profit of a level-set VOF method and injected the liquid
(cavitation was not modeled) directly into air at standard conditions, all in
the same domain (see Figure 3.17). This setting could affect the exit velocity
of the jet, but had the advantage of showing the direct link between spray
characteristics and nozzle internal flow. Xue et al. [136] also used a single
domain in their spray simulations; they employed a VOF cavitation model
for the nozzle though cavitation was not expected, and coupled it with the
homogeneous model developed by Vallet et al. [112]. Simulations were val-
idated against liquid distributions obtained through X-ray techniques with
very good agreement for distances lower than 2mm. They conclude that the
coupled approach can directly incorporate the in-nozzle feature such as tur-
bulence, cavitation and geometrical effects (i.e. orifice eccentricity) into spray
simulations.

3.8 Summary and conclusions

An extensive review of the state of art of simulating the Diesel injection process
has been done. First thing to notice is that the most suitable model depends
mainly on the flow type, which can be defined from several points of view.
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Figure 3.17: Terminal tip of the injector. Simulation snapshot of the full
domain at 35 ms after SOI [22].

Dispersed phase (particle) volume fraction is generally high in technical
applications. Consequently, turbulence modification (or another approach)
has to be taken into account and included in a proper mathematical description
of turbulent multiphase flows to consider at least a two-way coupling, for
example, assuming that turbulence production is due to detachment of eddies
created in the wake of the droplets (vortex shedding). Concretely, during a
Diesel injection process the three couplings are found: droplet volume fraction
is close to 1 near the orifice exit (four-way coupling), but it decreases as the
atomization process takes place (two-way coupling), until finally, far from
the nozzle and under some conditions (i.e. non-evaporative conditions), the
volume fraction falls below X = 107¢ (one-way coupling).
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As commented in the introduction of this chapter, the injection process
modeling is clearly split in two separate but dependent fields: internal and
external flows. Coupling both fields has been investigated for more than a
decade, however simulating the internal flow and the near-field seamlessly was
attempted just a couple years ago, and no one has tried to simulate the whole
injection process with the same model.

Eulerian-Lagrangian approach is definitely the most used one for simulat-
ing sprays despite its drawbacks. Main efforts of the research community are
dedicated to reduce grid dependence (by adding new source terms and the
use of adaptive mesh refinement) and enhance sub-models since more physical
approach (available in the literature) to model droplets phenomena cannot
be used due to high computational cost of CDM. With the proper selection
and tuning of sub-models and mesh strategy, computational results are quite
accurate compared to experimental ones. Nonetheless, new ELSA and 3 — Yy,
models have proved to be a rising alternative to DDM, but they are still under
development.

There is not such agreement of the community regarding the internal flow.
HEM seems to be the most used model to predict cavitation and study the
turbulence inside the nozzle, though multi-fluid models are also commonly
employed. Both are capable of capturing all cavitation regimes and transient
phenomena.

Interface tracking methods (level-set/VOF) are the natural approach when
performing LES and DNS of the spray but also the cavitation. High computa-
tional cost when the interface shape is complicated make them unsuitable for
RANS simulations. Nowadays, these kind of simulations are still computation-
ally expensive for industrial applications, however LES is a viable alternative
in combination with an Eulerian-Lagrangian model to perform engine simu-
lations. Some techniques have been developed to reduce that computational
cost, being the adaptive mesh refinement the most promising one.

As the objective of this Thesis is to simulate the flow inside the nozzle
and its relation with the spray development with a single model and a single
domain, a homogeneous flow model widely used for internal flow simulations
and lately employed for spray studies by the ELSA and ¥ — Y models is the
best option; it has lower computational cost than interface tracking models.
Nevertheless, main drawbacks of this type of models have been also exposed,
and they need to be solved or minimized.
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Chapter 4

Computational methodology.
Description of the model

4.1 Introduction

As done in Chapter 2, it is common to divide the problem in two parts de-
pending on the area of interest and composition of the fluid: internal flow
and external flow. Internal flow studies deal with the influence of the injector
geometry on the flow pattern, the cavitation phenomena, the needle lift and
eccentricity and other manufacturing issues. External flow studies, on the
other hand, deal with fuel break-up, atomization, air-fuel mixing, evapora-
tion and combustion processes. This division is made because of the different
flow nature: in the internal part the flow is continuous, mono-phase liquid (or
multiphase if cavitation is considered); and in the external part, far from the
nozzle exit, the flow is dispersed multiphase.

It is well known that coupling internal and external flow experiments and
simulations leads to a better representation of reality [1-3]. However, common
coupling methodologies have several issues to be solved. For example, a sort
of mapping procedure has to be implemented to spatially distribute blobs and
its physical quantities of the primary break-up model inside the nozzle area.
Also, computational time-steps are much different (on the order of 1078 for
nozzle flow and 1078 for spray [3]), thus a time interpolation is required.

If the whole injection process (internal and external flows) is going to be
simulated at the same time, an Eulerian approach seems to be the best option
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(see Chapter 3). A mixture model with a liquid mass fraction that defines the
percentage of liquid in the cell is desired rather than a VOF model. This is
due to, far downstream from the nozzle exit, the fuel droplets are very small
(5 —20 pm in diameter [4]) and then tracking the interface becomes very
expensive in computational cost.

A new Eulerian two-phase model (which in the future could be extended to
include more phases, i.e. fuel vapor) is developed with the aim of simulating
internal and external flows seamlessly, with a single domain. The governing
equations are solved using the finite-volume Computational Fluid Dynamics
(CFD) software OpenFOAM 2.1.0 ®, which employs temporal and spatial dis-
cretization schemes that are bounded and preserve the proper physical limits
on the fluid dynamics variables. The main advantages of OpenFOAM are:

e Open-source, freely available, licensed under the GNU General Public
License.

e Includes a wide range of solvers, model libraries, meshing and post-
processing tools

o Allows easy customization, extensions and modifications by the user.

o Represents partial differential equations in their natural language.

However, since the code is relatively young, it lacks some capabilities and
some existing ones have not been thoroughly validated. For instance, there
are no adaptive mesh refinement tools, and moving mesh approaches are quite
limited. Nonetheless, developers and the research community are making a
serious effort in solving this issues and completing the code.

4.2 Model description

4.2.1 Transport equations

All kind of fluid flows can be described by systems of linked partial differential
equations of the form of Equation (4.1) [5, 6], where Q is any tensor-valued
property of the flow, such as species concentration. These equations involve
time derivatives, convective terms, diffusive terms, and source (production
and destruction) terms SQ and Sj.

2(pQ)

5 T V- (pUQ) — V? (DepefQ) = SQ + Sy (4.1)
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The effect of the nonlinearity embodied in these equations is significant;
only in special cases can algebraic solutions be found. The vast majority of
fluid flow problems, at least until now, can only be properly studied by us-
ing computational methods involving discretization of the domain and equa-
tions, followed by numerical solution of the resulting system of equations.
The complexity of the problem is increased if effects such as turbulence, com-
pressibility, multiphase, free surface, chemical reactions, and electromagnetism
are included. The two predominant solution techniques are the finite-element
method (FEM), in which the functional form of the solution of these equations
is expanded in terms of predetermined basis set and its residual minimized,
and the finite-volume method (FVM) [7]. In the latter technique, which is
used in this Thesis, the computational domain is divided into a set of dis-
crete volumes which fill the computational domain without overlap. The fluid
flow equations are then volume integrated over each individual finite volume.
Gauss’s theorem, also known as divergence or Ostrogradsky’s theorem!, is used
to convert the divergence terms in Equation (4.1) into surface integrated flux
terms, reducing the problem of discretization of these terms to one of finding
difference approximations for the fluxes at the surface of the control volume
based on the know cell-center values. Other spatial derivatives are dealt with
a similar manner. This converts the equations into a set of ordinary differ-
ential equations including temporal derivatives, which can be discretized in
a straightforward manner using finite-difference approximations. This results
in a set of equations that, when linearized by fixing the flux ® = pU, can be
described in matrix form of Equation (4.2), where M is a sparse block matrix,
which can be inverted to solve the equation.

MQ=B (4.2)

The nonlinear term in Equation (4.1) requires an iterative solution tech-
nique, one in which the linearized system specified above is solved several
times, with the fluxes being updated each time (see a more detailed descrip-
tion of that in Section §4.3), until it has converged sufficiently.

Coupling between equations is treated in a field operation and manipula-
tion (FOAM) using a segregated approach, in which equations are formulated
for each dependent variable and solved sequentially, with the possibility of
iteration over the system of equations until convergence is achieved.

! Gauss’s theorem states that the outward flux of a vector field through a closed surface is
equal to the volume integral of the divergence over the region inside the surface. Intuitively,
it states that the sum of all sources minus the sum of all sinks gives the net flow out of a
region.
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Solving this type of transport equations with in micro-level description?
is a formidable task, especially for multiphase flows since there are two de-
formable materials, occupying distinct regions of physical space and separated
from each other by a large number of definite interfaces. In order to appre-
ciate the difficulties in deriving the balance equations for structured, namely,
inhomogeneous media with inter-facial discontinuities, recall that in contin-
uum mechanics the field theories are constructed on integral balances of mass,
momentum and energy. Thus if the variables in the region of integration are
continuously differentiable and the Jacobian transformation between mate-
rial and spatial coordinates exists, the Eulerian differential balance can be
obtained by using the Leibnitz’s rule [5]. In multiphase flows, the presence
of inter-facial surfaces introduces great difficulties in the mathematical and
physical formulation of the problem:

o existence of the multiple deformable moving interfaces with their mo-
tions being unknown;

« existence of the fluctuations of variables due to turbulences and to the
motion of the interfaces;

o significant discontinuities of properties at interface.

The first effect causes complicated coupling between the field equations
of each phase and the inter-facial conditions, whereas the second effect in-
evitably introduces a statistical characteristic originated from the instability
of the Navier-Stokes equations and of the inter-facial waves. The third effect
introduces huge local jumps in various variables in space and time.

Intuition, however, suggests that if the observer accepts a macro-level de-
scription? of the multiphase medium, it may be viewed as a mixture of overlap-
ping equivalent continua, each of them undergoing its own process (diffusion,
mixture or homogeneous model, described in Section §3.6). When this point
of view is adopted, the interfaces are smeared out across the equivalent con-
tinua and the real thermal and mechanical interactions across the interfaces
become average volumetrically distributed interactions. Then, in order to

2A level of description whose time- and length-scales are much larger than the largest of
the time- and length-scales associated with discrete processes taking place on a molecular or
micro-structural level in either phase, and at the same time much smaller than the smallest
time- and length-scales which characterize the space-time heterogeneity of the system [8].

3 A level of description whose time- and length-scales are much larger than the microlevel
ones.
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determine the collective interaction of particles and the dynamics of the in-
terface, it is necessary to describe first the local properties of the flow and
then to obtain a macroscopic description by means of appropriate averaging
procedures. For dispersed flows, for example, it is necessary to determine
ranges of nucleation, evaporation or condensation, motion and disintegration
of single droplets (or gas bubbles) as well as the collisions and coalescence
processes of several droplets (bubbles). The averaging procedure can be con-
sidered as low-pass filtering, excluding unwanted high frequency signals from
local instant fluctuations. However, it is important to note that the statistical
properties of these fluctuations influencing the macroscopic phenomena should
be taken into account in a formulation based on averaging.

There exist various methods of averaging that can be applied to thermo-
fluid dynamics in general and to multiphase flow in particular. According to
Ishii and Hinbiki [5], depending on the basic physical concepts used to formu-
late thermal-hydraulic problems, averaging procedures can be classified into
three main groups: the Eulerian averaging; the Lagrangian averaging; and
the Boltzmann statistical averaging. They can be further divided into sub-
groups based on a variable with which a mathematical operator of averaging
is defined. Additionally, according to Hinze [9], the following three averaging
methods can be distinguished: time averaging in a fixed point of space, for
stationary turbulence; space averaging for a fixed moment in time in the case
of homogeneous turbulence; and ensemble averaging for a series of identical
experiments (this is the most general form of averaging). All these methods
can appear in two versions, unweighted (Reynolds) and weighted (e.g. density-
weighted Favre averaging). In the case of compressible flows, Favre averaging
is usually applied, also in this Thesis. The description of all averaging proce-
dures (including Favre averaging) can be easily found in the literature, so it is
not included in this document. Because of that, all equations in this and fol-
lowing chapters are written in their final form after performing the averaging
procedure. Therefore, p, U... represent average density, velocity... values
and not instantanous ones.

Hypothesis and highlights of the model

Before proceeding to present the averaged transport equations, it is important
to remark that the model described here for atomization and mixing, proposed
by Vallet et al. [10], is based on four basic principles:

o Because surface tension and viscosity act essentially at small length-
scales (micro-scales, associated with high curvature of the liquid-gas
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interface and large velocity gradients), the large scale features of the
multiphase flow must become independent of surface tension and viscos-
ity at infinite Weber and Reynolds numbers. Then the modeling of the
large scale features should not depend on the capillarity surface tension
or the dynamic viscosity nor on the small scale features. They may de-
pend on the density ratio only. On the contrary, the small scale features,
and in particular the mean size of liquid droplets of parcels extracted
from the liquid jet, will be linked directly to the surface tension and
dynamic viscosity, and, of course to the large scale features. This basic
hypothesis is nothing but the generalization of the Kolmogorov hypoth-
esis for turbulence. Some atomization regimes studies considered the
liquid viscosity as one of the variables determining atomization quality,
however, flow visualization of liquid jets used in such studies indicate
that those jets are, in all likelihood, laminar, and therefore the mecha-
nism of their atomization may be very different from that of practically
important turbulent sprays [11].

e The random velocity field of a two-phase flow, which is not predictable
at each time, can be studied in terms of mean values as well as for single-
phase turbulent flows. These mean values can be calculated within the
framework of a two equation model (see Section §4.4.4). The definition of
the turbulent variables does not distinguish between liquid and gaseous
fluid particles, but a difference between mean velocities does exist, and
can eventually be calculated.

e The dispersion of the liquid phase into the gas can be computed by
a balance equation through the definition and modeling of a “turbu-
lent diffusion liquid flux”, similar to the turbulent diffusion flux defined
classically for single-phase flows. Thus the need to postulate a balance
equation for the liquid diffusion flux is needed, together with equations
for mean velocity and mean density medium.

e The mean size of the liquid fragments can be calculated through the def-
inition and modeling of the mean surface area of the liquid-gas interface
per unit volume.

Therefore, this new model described in this chapter is similar to the one
developed by Vallet et al. [10] except for three important matters:

o The common pressure-equation [6] is used instead of a the equation of
state [10] or an isentropic relationship [12].

¢ The new model is compressible so the energy equation is required.
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o« A PIMPLE algorithm is preferred rather than the common PISO algo-
rithm.

Continuity equation

From the general balance Equation (4.1), the mixture continuity equation,
Equation (4.3), can be obtained if Q = 1, S = 0 and S, = 0. This equation has
exactly the same form as that for a continuum without internal discontinuities.

ap B
o, TV (pU) =0 (4.3)

Liquid mass fraction transport equation

The diffusion equation, which expresses the change in concentration (volume
fraction), can be derived from a mass balance of a chemically inert mixture.
By setting @ = 1 and S = 0, the continuity equation for one of the phases
can be obtained, Equation (4.4), where the mass source term X, appears
due to phase changes. Equation ((4.5)) expresses the conservation of mass at
interfaces.

d(X

(a’;p’“) V- (XeoUr) = Xpk (4.4)
> Xk =0 (4.5)
k=1

The diffusion velocity of each phase, namely, the relative velocity with
respect to the mass center of the mixture, is defined by Equation (4.6).

Uira=Ur - U (4.6)

Combining Equations (4.4) and (4.6), Equation (4.7) is obtained as a con-
centration transport equation. It has a diffusion term on the right-hand side
which carries the information that the liquid and gas mean velocities are not
the same. The relation between volume and mass fractions of Equation (4.8)
can be used to express the transport equation in terms of mixture density and
mass fraction, as shown in Equation (4.9).

0 (Xxpr)

5 TV (XeopU) = Xy = V- (XppeUkret) (4.7)
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X, — ﬁYk (4.8)
Pk
a (Y,
(8: Ay (YipU) = Yo =V - (YepUp, ret) (4.9)

Though Equation (4.9) is written in a general way so it is valid for n species,
the present model only uses it once for the liquid mass fraction. Nonetheless,
if more species were used, for example, fuel vapor was included through cav-
itation of evaporation, a decision had to be taken on whether one diffusivity
value is used for all species or different diffusivity values for different species.
Due to the hypothesis of high Reynolds number, turbulent diffusivity domi-
nates over molecular one, therefore a single turbulent diffusivity value for all
species should be used. Additionally, that helps to improve the numerical
stability and solution convergence.

Momentum equation

By applying the general balance Equation (4.1) to the conservation of mo-
mentum, Equation (4.10) is obtained, where M, is an inter-facial momentum
source due to the surface tension effect. The diffusivity coefficient Dy coefr
models shear stresses, accounting for the average viscous stress, the turbu-
lent stress and the diffusion stress. It is evident that if the surface tension
term is neglected, then there are no direct inter-facial terms in the mixture
momentum equation.

9 (pU)

ot +V- (IOUU) - v2 (DU,COEﬂU) =-Vp+ Pg + M, (410)

Energy equation

The mixture energy equation can be obtained also from Equation (4.1) applied
to the balance of the total energy, as shown in Equation (4.11) where q is the
energy source term, F, is the inter-facial energy source term, K is the specific
kinetic energy given by Equation (4.12) and the term V- (7 - U) is the viscous
dissipation. Viscous sub-grid/turbulent dissipation term is missing, as usually,
it is neglected.

9 (p(e+ K))

ot + V- (pU (e + K)) — V? (De coep (¢ + K)) =

=—V.-q—-V-pU)+V-(t-U)+pg-U+E, (4.11)
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2
U2 ni X Uk,rr:l
K="+ k=1 Xhok (4.12)
p

It can be seen that the form of Equation (4.11) is quite similar to the
single-phase flow energy equation. The differences appear as additional heat
fluxes, namely the turbulent flux, the diffusion flux and the inter-facial source.
However, the most interesting characteristic of the mixture can be found in
the kinetic energy term, Equation (4.12). The total mixture kinetic energy
consists of the kinetic energy of mean flow plus the diffusion kinetic energies
of all phases. Again, if the surface tension is neglected, the inter-facial term
does not appear in the mixture total energy equation.

In a single-phase flow, the separation of the mechanical and thermal energy
can be carried out quite easily by subtracting the mechanical energy equation
from the total energy balance. Exactly the same method could be used in the
multi-fluid model formulation. In the diffusion model formulation, however,
it is further complicated by the existence of the diffusion kinetic energy trans-
port. Consequently, there is no clear cut method to obtain a corresponding
thermal energy equation for the mixture [5]. First option is to subtract the
kinetic energy of both phases from the total energy equation. Same result
is obtained by adding the enthalpy equation of each phase. In this way, the
diffusion kinetic energy can be eliminated. Nonetheless, the inter-facial term
involves complicated exchanges between the total and the mechanical ener-
gies. Second option is using the mixture kinetic energy equation in terms
of the mean velocity, which avoids the difficulty in the inter-facial terms but
has additional terms from the diffusion kinetic energy. By subtracting the
mixture mechanical energy equation, namely, the momentum equation (Equa-
tion (4.10)) dotted by U, from Equation (4.11), Equation (4.13) is obtained.

9 (ph
g)t)Jrv-(pUh)—v?(Dh,mﬁh):
Dp 0 (pK
:—V-q+31;— (gt)—V-(pUK)~|—T-VU+(EU—MUU) (4.13)

It can be concluded that the mixture energy transfer is highly complicated
due to the diffusion of each phase. The form of the right hand side of Equa-
tions (4.11) and (4.13) suggests that if the effects of the mechanical terms
originated from the diffusion are important, then the constitutive laws for the
diffusion (or mixture) cannot be simple. Thus, in such case, the Eulerian
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multi-fluid model may be more suitable. However, in most multiphase prob-
lems with large heat additions, these mechanical effects from the diffusions
are insignificant. The only important effect to be taken into account is the
diffusion of the transport of thermal energy because of the large difference on
the phase enthalpies, namely, the latent heat.

Pressure equation

In the original model of Vallet et al. [10], the continuity equation (Equa-
tion (4.3)) did not allow the calculation of the mean density, which was ob-
tained directly from Equations (4.9) and (4.63), but allowed the calculation
of the mean pressure. In the case where there are only two phases, liquid
and gas, and the gas is a compressible perfect gas, the assumption that the
pressure is the same in neighboring gas liquid and fluid particles (thus ne-
glecting the mean energetic contribution of surface tension) allows to simply
obtain Equation (4.14) for the mean pressure. Then it is necessary to know
the mean gas temperature in order to close the set of equations. This could
be done with a classical balance equation for the gas internal energy (Equa-
tion (4.11)), including heat exchange between gas and liquid phase, or just by
prescribing the gas temperature by an isentropic law when these exchanges
are not important.

p(1—Ys)RT
P= pl;f (4.14)
Nz

There are other approaches in the literature. Ning et al. [12] assumed
isentropic flow, which led to the relationship of Equation (4.15) where the
sound speed a varied from the gas sonic to the liquid sonic speed depending on
the void fraction. Combination of this equation with the continuity equation
(Equation (4.3)) gives Equation (4.16) as a pressure equation.

Dp 1 Dp
el P Mk 4.1
Dt a? Dt (4.15)
10p 1
. U = 4.1
a28t+a2U Vp+pV-U=0 (4.16)

Trask et al. [13] extended the single-phase, incompressible algorithm out-
lined by Jasak [14] (see next Section §4.2.2) to account for the compressible,



4.2. Model description 147

multiphase, variable temperature flow. By manipulation of momentum equa-
tion, the form of Equation (4.17) can be obtained, which in combination with
continuity equation, results in the pressure equation.

V-U=V- (IZ) -~V (in) (4.17)

For the case of multiphase, compressible flow the velocity divergence is
nonzero and could be split between the effects of the turbulent mixing, Mach
(compressibility) and thermal expansion by applying the chain rule to the
continuity equation, as shown in Equation (4.18). In order to obtain a fully
closed transport equation for pressure, each of those terms must be treated in
a numerically stable manner. At the end, Equation (4.19) is obtained.

Dp  10p DYy 10pDp 10p DT

VU="Di=pav, bt poppi poror M1
H 1 (Y 1Y\ Dp
v(3)-v (%) - (Pf T )Dt+
1-Y; DT 1 1 9
- _ | = _ = D Y 4.1
T Di (pf pg)V( Y,coeﬁ) ( 9)

However, the implementation of Trask et al. [13] did not guarantee consis-
tency of the mass fraction equation with the definition of density, as found out
by Garcia-Oliver et al. [15]. To solve this issue, they created a small penalty
function in the pressure projection step. The function relaxes the density
calculated from the continuity equation toward the value stipulated by Equa-
tion (4.63), as shown by Equation (4.20) where the constant multiplier C,
represents the approximate number of time steps for relaxation to the cor-
rect density and At is the time-step. This approach successfully maintained
consistency without iterative solutions of the continuity and mass transfer
equations.

H 1o\ (Y 1-Y;) Dp
v (G) v (aw) = (pf T )Dt+

1-Y, DT 1 1 —
i el ( - ) V2 (Dy. oY) — LEOS P (4.20)

Pf Py AtCyp
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In the present model, in order to avoid drawbacks of previous methods,
the single-phase compressible pressure equation, Equation (4.21), is used. It is
obtained as a combination of continuity and momentum equations [7], where
the compressibility ¥ accounts for the effects of the turbulent mixing, Mach
(compressibility) and thermal expansion.

8(8\1219) v (Z) v, (ivp> ~0 (4.21)

Inter-facial surface density transport equation

The mean size of the liquid droplets, liquid parcels or ligaments, is calculated
through the quantity 3, the mean inter-facial area per unit volume. When
the flow is composed by only droplets with identical diameters in a gas phase,
knowledge of inter-facial surface density and liquid mass fraction allows com-
puting the diameter of the droplets and droplet number density simply by
Equations (4.22) and (4.23), correspondingly. When the droplets have dif-
ferent diameters but are all spherical, the previous formula gives the SMD
(defined in Section §2.4.3).

6 pr

Dy = SMD = (4.22)
psx
2\13
pr
L 4.23
" 36wy 7 (4.23)

The most general method to include the inter-facial surface density in
the multiphase, two-fluid in this case, formulation would be to introduce one
more transport equation. From Equation (4.1), Equation (4.24) is obtained
[10], where Dy coefr is an appropriate diffusion coefficient to consider that
the interface is also dispersed by turbulence, 1/A and 1/a are two different
production time scales and Vj is a destruction coefficient with the dimension of
velocity, all of them to take into account the physical phenomena responsible
for droplet expansions, collapses, coalescences, stretching, disintegration and
inter-facial instabilities. Descriptions of Ds; coefr, A, @ and Vy as well as other
approaches are given in Section §4.4.1.

9 (p%)
ot

+ V- (pUS) = V? (D5 coei®) = (A+a) ¥ — V32 (4.24)
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In some cases the balance Equation (4.24) may be replaced by a simpler
algebraic constitutive relation such as Equation (4.25), but this is not the case.

X=X (Uk,Teb Pk Lk, Xk? ’VX]C‘7O'7 g) (425)

4.2.2 Code algorithm

The sequence and methodology (in other words, the algorithm) of solving pre-
viously described equations needs to be also decided. In this case, a PIMPLE
approach is used. This algorithm combines the loop structures of Pressure
Implicit with Splitting of Operators (PISO, developed by Issa [16, 17]) and
Semi-Implicit Method for Pressure-Linked Equations (SIMPLE developed by
Patankar and Spalding [18]), including /0t terms in equations, so it can run
transient simulations, but it is not limited by Courant number, unlike PISO.
Table 4.1 shows the advantages and disadvantages of PISO and SIMPLE algo-
rithms, particularly construction of the momentum matrix. Combining both
it is possible to take profit of the advantages and avoid some disadvantages.
Although a higher Courant number (CFL) can be used and so higher time-
step, the main drawback of PIMPLE algorithms is its high computational
cost.

Algorithm PISO SIMPLE

Efficiency Fast: [U Eqn] created once Slower: under-relaxation
Stability Typically unstable for CFL > 1 Stable for CFL > 1
Accuracy Potential 9/0t error -

Table 4.1: Advantages and disadvantages of PISO and SIMPLE algorithms.

PISO algorithm

Figure 4.1 shows the sequence of equations used in the PISO algorithm. The
sketch represents the whole time step loop for incompressible problems. For
compressible ones, the other equations (continuity, energy...) can be added
after the pressure corrector [14], however, most of the solvers solve those
equations just before assembling the momentum matrix [6].

The “trick” in PISO
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[ Start time-step 1

J
)

Momentum matrix: [U Eqn.|

[ New p, U, &y ]

¥

~

Solve momentum:

[U Eqn.] = —Vp

Evaluate H, A

Pressure corrector:

V- (1/AVp) = V - (H/A)

PISO loop

Momentum and flux correc-
torss U = H/A — 1/AVp

¥

Py =Sy [(H/A) s 1 (1/A)r(Vp)s]

[ End time-step }

Figure 4.1: Sketch of the PISO algorithm for incompressible cases.

o Manipulation of [U Eqn]:

+ o
4+ o o
0 o U] =
- o +_
_+ Z
+
+ .[U] g
L +_

e A and H are evaluated in O
“UEqn.H()”:

penFOAM by functions “UEqn.A()” and

— A contains 1 value per cell, it is a volumetric scalar field.
— H is calculated using latest values of U, it is a volumetric vector

field.
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o Explicit momentum equation:

%IZ—FV'(UU)—V-VVU = —Vp
U] = -Vp
AU = -Vp+ H

e From the expression for momentum, a momentum corrector equation

can be written: H 1
U=—--V
A~ a'?
o Applying continuity (V - U = 0) for an incompressible flow, a pressure
corrector equation is derived:

(3= (%)

o A flux corrector equation can be written (subindex f refers to a magni-
tude normal to cell faces):

oy =U;s- Sy =Sy - [(Ij)f — (i)f(vp)f]

Some comments on the algorithm

U field temporally stores H /A, rather than creating a new field.
o Similarly, @y field temporally stores the flux of H/A.

¢ Recovering U with the momentum corrector is simple, in OpenFOAM:
— =rUA x fvc::grad(p)

o A “flux()” function of OpenFOAM returns the flux field from the matrix.

e Loop over the pressure, momentum and flux correctors in OpenFOAM:
for (int corr=0; corr<nCorr; corr++)
e Correct fluxes to conserve globally in badly-posed cases in OpenFOAM:
adjust(phi,U,p);
o Loop over the pressure to correct non-orthogonality in OpenFOAM:

for (int nonOrth=0; nonOrth<=nNonOrthCorr; nonOrth++)
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SIMPLE algorithm

Figure 4.2 shows the sequence of equations used in the SIMPLE algorithm.
The sketch represents again the whole time step loop for incompressible prob-
lems.

[ Start time-step }

!

Momentum matrix: [U Eqn.] }7 [ New p, U, Oy }

( Solve mcjmentum )
v :

[U Eqn.] = —Vp [ pU, v ]

N\ J
Evaluate H, A

p . SIMPLE loop

Pressure corrector:

V- (1/AVp) = V - (H/A)

Momentum and flux correc-
torss U = H/A — 1/AVp

—(1/A)f(Vp)§]

¥ oy = Sp[(H/A
[ End time-step } v sH/A)

Figure 4.2: Sketch of the SIMPLE algorithm for incompressible cases.

Some comments on the algorithm

o SIMPLE is the algorithm generally used in steady-state solvers.

o Under-relaxation is performed using the “relax()” function of Open-

FOAM:

— An equation can be under-relaxed by increasing the diagonal and
adding equivalent contribution to source based on existing values.

UEqn().relax();

— A field can be explicitly under-relaxed using values from the previ-
ous iteration.

p.relax();
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PIMPLE algorithm for the ESA model

Figure 4.3 shows the sequence of equations (previously described in detail in
Section §4.2.1) used in the PIMPLE algorithm used by the ESA model. The
sketch represents again the whole time step loop.

[ Start time-step }
¥

Solve liquid mass frac-
tion: [Y; Eqn.] =0

-

¥

[NGW Yf, P,

h,p, U, @j

Solve continuity: [p Eqn.] =0

[Yfa P hv

» U, <I>]

!

Momentum matrix: [U Eqn.]

¥

Solve momentum:

[U Eqn.] —Vp

- _J

¥

Solve energy: [h Eqn.] =0

Evaluate H, A

Pressure corrector: [p Eqn.] =
—V - (1/AVp) = V - (H/A)

Momentum and flux correc-

torss U = HJ/A — 1/AVp

¥

Solve turbulence

¥

Solve surface den-
sity: [¥ Eqn.] =0
