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Abstract

Fuel injection is among the engine research topics one of the critical pieces
to obtain an efficient engine. The role is even more significant when a direct
injection strategy is pursued. The internal geometry and pintle movement
determine the injector flow behavior, which is known to hugely affect the ex-
ternal spray development and, ultimately, the combustion performance inside
the chamber. Climate change and pollutants awareness has been growing,
pushing forward the effort on cleaner engines. In this regard, gasoline en-
gines have a wider margin to improve than diesel engines. The evolution from
old Port Fuel Injectors to modern direct injection strategies, which are used
in new generation engines, demonstrates this trend. GDI systems have the
potential to comply with stringent emissions and increase fuel economy, how-
ever, it still faces many challenges. This work involves the use of two injectors,
one is a modern research GDI nozzle appointed by the Engine Combustion
Network (ECN), and the other is a production injector unit (PIU) with the
same technology and slightly different geometry. Both hardware’s undergo
a complete characterization (internal and external flow) covering the state-
of-the-art techniques in various experimental facilities. Furthermore, a new
facility is designed and built to perform experiments under flash boiling con-
ditions (when the fuel injected’s vapor pressure is higher than the pressure in
the discharge volume).

The developed facility is designed to simulate a discharge ambient at cer-
tain engine conditions in which flash boiling phenomena could occur. Thus,
due to typical gasoline fuel properties, it was a requirement to operate from
chamber pressures from 0.2 bar to 15 bar. Also, the ambient temperature
was controlled by implementing a resistor that can heat the ambient gas.
The facility operates in an open loop, being able to renovate the gas volume
between injections. Finally, three wide optical accesses were built to accom-
modate many optical diagnostic techniques such as DBI, MIE, shadowgraphy,
or PDA, among others.

For the internal flow description, it was determined the nozzles geometry
and holes orientation, the pintle movement, and finally, the characterization
of the rate of momentum (ROM) and rate of injection (ROI) of both nozzles.
The nozzles geometry and needle lift were measured using advanced optical
x-ray techniques at Argonne National Laboratory (ANL). The ROI and ROM
measurements were performed using CMT-Motores Térmicos facilities follow-
ing the know-how applied in diesel injectors and adapting it to GDI nozzles.
The ROI allowed us to compare the nozzles, whose orifices number and geom-
etry were different, although they deliver approximately the same amount of



fuel. It was tested their response to typical boundary conditions such as rail
pressure, discharge pressure, fuel temperature, etc. For the research nozzle
"Spray G", it was developed a 0-D model of the rate of injection allowing to
obtain the signal for different injection duration and conditions, which is useful
in engine calibration and CFD validation. Furthermore, for the ROM charac-
terization, the plastic deformation technique methodology was developed to
obtain spray cone orientation and adequately guide the fuel jets for measuring
ROM. The hydraulic analysis combined the data to study the low discharge
coefficient and area coefficient values, which could result from low needle lift
combined with novel hole designs in both nozzles that promote cavitation and
air interaction from inside the orifice.

In the external flow characterization, it was used the new developed vessel
to study the external spray covering flash boiling conditions. It was employed
four surrogate fuels to simulate different volatility properties of gasoline com-
pounds and ultimately reproduce more extreme flashing conditions. It was
used lateral visualization using DBI and Schlieren in addition to frontal MIE
visualization. Some of the most extreme flashing conditions produced the
spray collapse phenomena due to the jet expansion and interaction, in which
the fuel concentrates in the injector axis. The two nozzles employed collapsed
at different conditions because of different spray cone angles. Moreover, two
spray structures were observed, one for transitional and the other for fully
collapse sprays. The phenomena completely modify the expected trends in
the behavior of the jets. Finally, it was explored the use of advanced x-rays
diagnostics to study spray wall interaction. It was tested two configurations
using different impact angles. Two rail pressure and discharge pressure were
studied, including one flash boiling condition. The results were coherent, find-
ing that the fuel accumulation and spray spreading velocity changed because
of injection pressure or impact angle. After impact, the spreading speed for
the flash boiling conditions increased compared to the non-flash boiling cases.



Resumen

La inyeccién de combustible es, entre los temas de investigacién de motores,
una de las piezas criticas para obtener un motor eficiente. El papel es atn
més significativo cuando se persigue una estrategia de inyeccion directa. La
geometria interna y el movimiento de la aguja determinan el comportamiento
del flujo del inyector, que se sabe que afecta enormemente al desarrollo ex-
terno del spray y, en tltima instancia, al rendimiento de la combustién dentro
de la cdmara. La conciencia sobre el cambio climatico y los contaminantes
ha ido creciendo, impulsando el esfuerzo en motores mas limpios. En este
sentido, los motores de gasolina tienen un margen mas amplio para mejo-
rar que los motores diesel. La evolucién de los antiguos PFI a las modernas
estrategias de inyeccién directa, que se utilizan en los motores de nueva gen-
eracién, demuestra esta tendencia. Los sistemas GDI tienen el potencial de
cumplir con las estrictas emisiones y aumentar el ahorro de combustible, sin
embargo, todavia se enfrenta a muchos desafios. Este trabajo implica el uso
de dos inyectores, uno es una moderna tobera de GDI de investigacion desig-
nada por el Engine Combustion Network (ECN), y el otro es una unidad de
inyeccién de produccién (PIU) con la misma tecnologia y una geometria liger-
amente diferente. Ambos equipos se someten a una completa caracterizacién
(flujo interno y externo) que abarca las técnicas mas avanzadas en diversas
instalaciones experimentales. Ademads, se disena y construye una nueva insta-
lacién para realizar experimentos en condiciones de evaporacién instantanea
(cuando la presién de vapor del combustible inyectado es superior a la presion
del volumen de descarga).

La instalaciéon construida estd disenada para simular un ambiente de
descarga en ciertas condiciones del motor en las que podrian producirse fené-
menos de flash boiling. Asi, debido a las propiedades tipicas del combustible
de gasolina, era un requisito operar con presiones de caAmara de 0,2 a 15 bares.
Ademas, la temperatura ambiente se controlaba mediante la implementacion
de una resistencia que puede calentar el gas ambiente. La instalacion fun-
ciona en un bucle abierto, pudiendo renovar el volumen de gas entre las in-
yecciones. Por ultimo, se construyeron tres amplios accesos Opticos para aco-
modar muchas técnicas de diagnéstico éptico como DBI, MIE, shadowgraphy
o PDA, entre otros.

Para la evaluacion del flujo interno se determiné la geometria de las toberas
y la orientacion de los agujeros, el movimiento de la aguja y, por ultimo, la
caracterizacién del ratio de inyeccion (ROM) y el momento de inyeccién (ROI)
de ambas toberas. La geometria de las toberas y la elevacion de la aguja se
midieron mediante técnicas avanzadas de rayos X en el Laboratorio Nacional



de Argonne (ANL). Las mediciones de ROI y ROM se realizaron utilizando
las instalaciones de CMT-Motores Térmicos siguiendo los conocimientos téc-
nicos aplicados en los inyectores de gasdleo y adaptandolos a las toberas de
GDI. El ROI nos permitié comparar las boquillas, cuyo nimero de orificios y
geometria eran diferentes, aunque entregan aproximadamente la misma can-
tidad de combustible. Se ensayd la respuesta a condiciones tipicas de motor
como variaciones en la presién del rail, la presiéon de descarga, la temperatura
del combustible, etc. Para el inyector de investigacién "Spray G", se desarrolld
un modelo 0-D de la velocidad de inyeccién que permite obtener la sefial para
diferentes condiciones y duraciéon de la inyeccién, lo cual es 1til para la cali-
braciéon del motor y la validaciéon del CFD. Ademads, para la caracterizacion
de la ROM, se desarrollé la metodologia de la técnica de deformacion pléastica
para obtener la orientacién del cono del spray y orientar adecuadamente los
chorros de combustible para la medicién de ROM. En el anélisis hidraulico se
combinaron los datos para estudiar los bajos valores del coeficiente de descarga
y del coeficiente de area, que podrian resultar de la baja elevacion de la aguja
combinada con novedosos disefios de orificios en ambas toberas que promueven
la cavitacién y la interaccion del aire desde el interior del orificio.

En la caracterizacion del flujo externo, se utilizé la nueva maqueta de-
sarrollada para estudiar la atomizacién externa, cubriendo las condiciones de
flash boiling. Se utilizaron cuatro combustibles sustitutivos para simular difer-
entes propiedades de volatilidad de los compuestos de la gasolina y, en ultima
instancia, reproducir las condiciones de flash boiling més extremas. Se utilizé
la visualizacién lateral utilizando DBI y Schlieren ademas de la visualizacion
frontal MIE. Algunas de las condiciones de flash boiling mas extremas pro-
dujeron el fenémeno de colapso del cono del spray debido a la expansién e
interaccion de los chorros individuales, en los que el combustible se concentra
en el eje del inyector. Los dos inyectores empleados colapsaron en diferentes
condiciones debido a los diferentes angulos del cono del spray. Ademés, se
observaron dos estructuras de los jets, una de transicién y otra de colapso
total. Este fendémeno modifica completamente las tendencias esperadas en el
comportamiento de los chorros. Finalmente, se exploro el uso de diagnosticos
avanzados de rayos X para estudiar la interaccién chorro-pared. Se probaron
dos configuraciones usando diferentes angulos de impacto. Ademads, se estu-
diaron dos presiones de rail y de descarga, incluyendo una condicién de flash
boiling. Los resultados fueron coherentes, encontrando que la acumulacién de
combustible y la velocidad de propagacién del spray eran funcién de la pre-
sién de inyeccion o el angulo de impacto. Después del impacto, la velocidad
de propagacién para las condiciones de flash boiling aumenté en comparaciéon
con los casos en los que no habia.



Resum

La injeccié6 de combustible és, entre els temes d’investigacié de motors,
una de les peces critiques per a obtindre un motor eficient. El paper és en-
cara més significatiu quan es persegueix una estrategia d’injeccié directa. La
geometria interna i el moviment de ’agulla determinen el comportament del
flux de injector, que se sap que afecta enormement el desenvolupament ex-
tern de l'esprai i, en ultima instancia, al rendiment de la combustié dins de
la cambra. La consciéncia sobre el canvi climatic i els contaminants ha anat
creixent, impulsant I'esfor¢ en motors més nets. En aquest sentit, els motors
de gasolina tenen un marge més ampli per a millorar que els motors diesel.
L’evolucié dels antics PFI a les modernes estrategies d’injeccié directa, que
s’utilitzen en els motors de nova generacid, demostra aquesta tendéncia. Els
sistemes GDI tenen el potencial de complir amb les estrictes emissions i aug-
mentar I'estalvi de combustible, no obstant aixo, encara s’enfronta a molts
desafiaments. Aquest treball implica 1'as de dos injectors, un és una mod-
erna tovera de GDI d’investigacié designada pel Engine Combustion Network
(ECN), i l’altre és una unitat d’injeccié de produccié (PIU) amb la mateixa
tecnologia i una geometria lleugerament diferent. Tots dos equips se sotmeten
a una completa caracteritzacié (flux intern i extern) que abasta les técniques
més avancades en diverses instal-lacions experimentals. A més, es dissenya
i construeix una nova instal-lacié per a realitzar experiments en condicions
d’evaporacié instantania (quan la pressié de vapor del combustible injectat és
superior a la pressi6 del volum de descarrega).

La instal-lacié construida esta dissenyada per a simular un ambient de de-
scarrega en certes condicions del motor en les quals podrien produir-se feno-
mens de flash boiling. Aixi, a causa de les propietats tipiques del combustible
de gasolina, era un requisit operar amb pressions de cambra de 0,2 a 15 bars.
A més, la temperatura ambient es controlava mitjancant la implementaci
d’una resisténcia que pot calfar el gas ambiente. La instal-lacié funciona en
un bucle obert, podent renovar el volum de gas entre les injeccions. Finalment,
es van construir tres amplis accessos optics per a acomodar moltes tecniques
de diagnostic optic com DBI, MIE, shadowgraphy o PDA, entre altres.

Per a I'avaluacié del flux intern es va determinar la geometria de les toveres
i Porientacio dels forats, el moviment de ’agulla i, finalment, la caracteritzacié
del ratio d’injeccié (ROM) i el moment d’injeccié (ROI) de totes dues toveres.
La geometria de les toveres i ’elevacié de 'agulla es van mesurar mitjancant
tecniques avancades de raigs X en el Laboratori Nacional de Argonne (ANL).
Els mesuraments de ROI i ROM es van realitzar utilitzant les instal-lacions
de CMT-Motores Térmicos seguint els coneixements tecnics aplicats en els



injectors de gasoil i adaptant-los a les toveres de GDI. El ROI ens va permetre
comparar els filtres, el nombre d’orificis dels quals i geometria eren diferents,
encara que entreguen aproximadament la mateixa quantitat de combustible.
Es va assajar la resposta a condicions tipiques de motor com a variacions en
la pressié del rail, la pressié de descarrega, la temperatura del combustible,
etc. Per a l'injector d’investigacié "Esprai G', es va desenvolupar un model
0-D de la velocitat d’injeccié que permet obtindre el senyal per a diferents
condicions i duracié de la injeccié, la qual cosa és util per al calibratge del
motor i la validacié del CFD. A més, per a la caracteritzacié de la ROM,
es va desenvolupar la metodologia de la técnica de deformacié plastica per
a obtindre 'orientacié del con de l'esprai i orientar adequadament els dolls
de combustible per al mesurament de ROM. En I'analisi hidraulica es van
combinar les dades per a estudiar els baixos valors del coeficient de descarrega
i del coeficient d’area, que podrien resultar de la baixa elevacié de ’agulla
combinada amb nous dissenys d’orificis en totes dues toveres que promouen la
cavitacio i la interaccié de ’aire des de l'interior de 'orifici.

En la caracteritzacié del flux extern, es va utilitzar la nova maqueta de-
senvolupada per a estudiar ’atomitzacié externa, cobrint les condicions de
flash boiling. Es van utilitzar quatre combustibles substitutius per a simular
diferents propietats de volatilitat dels compostos de la gasolina i, en ultima
instancia, reproduir les condicions de flash boiling més extremes. Es va util-
itzar la visualitzacié lateral utilitzant DBI i Schlieren a més de la visualitzacié
frontal MIE. Algunes de les condicions de flash boiling més extremes van pro-
duir el fenomen de col-lapse del con de 'esprai degut a ’expansio i interaccid
dels dolls individuals, en els quals el combustible es concentra en l'eix de
Iinjector. Els dos injectors emprats van col-lapsar en diferents condicions a
causa dels diferents angles del con de 'esprai. A més, es van observar dues
estructures dels jets, una de transicié i una altra de col-lapse total. Aquest
fenomen modifica completament les tendeéncies esperades en el comportament
dels dolls. Finalment, es va explorar 1'is de diagnostics avancats de raigs X
per a estudiar la interaccié doll-paret. Es van provar dues configuracions us-
ant diferents angles d’impacte. A més, es van estudiar dues pressions de rail i
de descarrega, incloent una condicié de flash boiling. Els resultats van ser co-
herents, trobant que ’acumulacié de combustible i la velocitat de propagacié
de D'esprai eren funcié de la pressié d’injeccié o 'angle d’impacte. Després de
I'impacte, la velocitat de propagacié per a les condicions de flash boiling va
augmentar en comparacié amb els casos en els quals no hi havia.
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Chapter 1

Introduction

This chapter presents the motivations for studying the gasoline direct injection
(GDI) process as well as the effect of flash boiling in typical and some extreme
conditions of GDI engines. First, the context of this study in the research
community is introduced. Next, it is presented the objectives it aims to fulfill
and the methodology followed. Finally, it is described a summary of the
subsequents chapters discussed in the thesis.

1.1 General context

Internal Combustion Engines (ICEs) are one of the most notable inventions
of the last century and have greatly impacted on society. They are the foun-
dation of many technological advancements, and it has definitely revolution-
ized transportation and mobility. For example, uses of this type of engine
had spread over a variety of fields besides automotive, like agriculture, naval
propulsion, power generator, etc. It uses the chemical energy stored in fuels
to produce mechanical power, by means of a controlled combustion reaction.
Its undoubted success in powering transportation systems is supported by a
high power-to-weight ratio, the high energy density of the fuels available and
cost-effectiveness.

From the mass use of ICE, it was realized that the harmful pollutants
and emissions produced by the combustion of the fuel are not neglectable.
Nitrogen oxides (NOx), greenhouse gas like COg, soot and unburned fuels
are the primary emissions that in large quantities could jeopardize nature and
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human life. Thus, government agencies in the EU, US and Asia have presented
directions to limit them to obtain breathable air in the cities and to mitigate
the effect of climate change. The frequents regulations are being tightened
over the years, which are pushing the automotive industry to keep researching
for new technologies that allow lowering emissions and improve fuel economy.

Lately, the global automotive industry has suffered a profound transforma-
tion process from the use of conventional internal combustion engines towards
electrified ones either hybridized or full electrical powertrains. However, there
is still a significant part for combustion engines, and it is foreseen a market
share of 85% for 2030 [1]. The electrical powertrains do not produce emissions
directly and facilitate the application of renewable energy in the transporta-
tion field. Nevertheless, the use of this type of propulsion could harm as well
the environment if the source of energy is not clean. Unless the power pro-
duction is composed mostly by renewable sources, the well to wheels analysis
may not be better than ICEs. In addition, the life cycle of lithium batteries
employed in current electric cars is a big problem since the waste treatment
of these are toxic to the environment.

For the past 50 years in Europe, the diesel engines have been the predom-
inant type for light-duty systems and an extensive part of personal vehicles.
The two main reasons have been higher efficiency compared to gasoline en-
gines and higher energy density for diesel fuel. In the past years because
of the scandal of Dieselgate (where some OEMs cheated the emission test
for diesel engines), the appreciation of diesel engines as highly polluting cars
has spread which made the manufactures to present and sell more gasoline
engines. In addition, the difficulty to meet with the regulations particularly
with NOx emissions (typical emission from this engine), have forced to the de-
velopment of expensive after-treatment systems which increase the final price
of the product. The scenario presented leads the manufacturers to lean to-
wards gasoline engines, which are of much simpler and cheaper systems. The
current advancements in gasoline engines include downsizing and turbocharg-
ing to improve fuel economy. Also, due to their simplicity, it is the preferred
engine for hybrid vehicles. All these reasons have led in Europe to a higher
portion of gasoline engines.

The fuel injection technology is one of the key factors for engine improve-
ment, whose importance has received a great deal of attention over the last
20 years [2]. By understanding the phenomenons involved in the injection,
which are evaporation, mixing, and combustion, it is possible to design new
generation injectors to reduce the emissions. The gasoline direct injection
systems are the state of the art for gasoline engines. Although diesel systems
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have used fuel directly injected into the combustion chamber since the first
successful prototype in 1894, the first application of this technology in gasoline
engine was in aviation during First World War in Junkers aeroplanes. Later,
GDI was implemented in some German cars in the 1950s; however it presented
many difficulties and inflexibility so did not succeed. The mass use of GDI
in vehicles was not until 1996 when Mitsubishi launched an electronic GDI
system. From that moment GDI experienced a rapid implantation among
OEMs, and for example in the US increased from 2.3% in models from 2008
to close to 50% for models of 2016 [3]. The primary advantage of GDI over
the previous port fuel injection (PFI) systems is that the injection occurs di-
rectly in the cylinder, which avoids the wall wetting of the intake port and
valves. Moreover, the evaporation of the fuel in the cylinder cools the air
and the compression ratio of the engine can be higher, thus, it facilitates the
implementations of turbocharging and downsizing without the risk of knock-
ing [4-6]. Furthermore, it provides advantages in specific engine conditions
of part loads or cold start [7]. Also, they permit the development of advance
combustion strategies like the Gasoline Compression Ignition which blurs the
line which separates the definition between Otto and Diesel engines.

Historically, Diesel injectors have been the focus of research because of
the direct implication in the mixture formation and combustion, which ul-
timately affects fuel economy and production of pollutants. Nonetheless, in
PFI gasoline engines, the injectors were not as critical. It was not until the
introduction of the GDI system that efforts were dedicated to understanding
deeply these injectors. The delivery of the fuel in GDI engines is not yet com-
pletely understood, and it confronts challenges in term of fuel consumption
and emissions. Thus, big efforts are being made by industry and research
institutions to develop their potential. The GDI injectors are accountable for
delivering the right amount of fuel at the desired location in the cylinder, in
addition to provide the right atomization, evaporation and mixing with the
air in the desired time. The first GDI engines took advantage of the flexibility
of the injections to work at stratified charge at part loads, and homogeneous
at high loads. However, that strategy is not used anymore today. It permits
slightly higher compression ratios without knock, a leaner air-fuel ratio but
the drawback is the increased NOx formation because of the presence of ex-
ceedingly lean zones, and to comply with regulations, NOx after-treatment
could be a requirement.

Flash boiling is a complex phenomenon that could appear at certain op-
erating conditions in GDI engines. It occurs when heated fuel (from heat
transfer from the engine block) is injected into a setting where the ambient
pressure is lower than the saturation vapor pressure of the fuel. During GDI
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operation, it could occur, for example, when injecting in the admission stroke.
In that circumstance the chamber pressure is sub-atmospheric because of vac-
uum. The flash boiling affects fuel air mixing process because it modifies spray
characteristics of cone angle, penetration and droplet size. It could promote
the atomization, so it could be beneficial for the air-fuel mixing. However, in
some cases for multi-hole injector it could provoke spray collapse, in which the
typical models employed for optimization or fuel location prediction may not
be appropriate.

Two injectors have been analyzed during this thesis:

1. The Spray G from the Engine Combustion Network (ECN), which is a
group composed by research institutions, academia and industry with
the objective to join the efforts in investigating atomization and combus-
tion phenomena. It emphasizes in providing a meticulous methodology
to obtain high quality data. The established approach allows an easy
comparison between research institutions and reliable dataset to develop
computational fluid dynamics (CFD) models. The Spray G is a Delphi
multi-hole solenoid GDI injector.

2. A GDI Denso injector, used by a car manufacturer in their gasoline
engines. For later references will be called Production Injector Unit
(PIU).

Although the Spray G is a research injector and the PIU one is dedicated to
mass production, both injectors present similar construction and technology,
being solenoid activated. However, the biggest differences are the shape and
number of holes and their distribution on the injector tip. This will take an
important role in the different behaviors presented.

This work has been developed in the research institute CMT-Motores Tér-
micos which belongs to the Polytechnic University of Valencia (Spain). The
institute has built up an important reputation worldwide in the field of com-
bustion engines since it was founded more than 40 years ago. Its strong point
has been the study of diesel engines but its work includes combustion, air
management, noise, after-treatments, fuel/urea/water injection, simulations
etc. The institution has published over the years more than 180 books, 500
journal articles, and completed over 165 doctoral thesis. In recent years, be-
cause of growing interest in GDI, the department has decided to invest and
specialize in this technology given its potential future. The current thesis is
the second in the department oriented to GDI investigation.
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1.2 Objectives and methodology

The present work comes from the need to get a more in-depth insight into the
phenomenon of flash boiling, which could frequently appear on GDI engines
and its consequences are not entirely understood. The Injection research group
of the CMT-Motores Térmicos, which has typically work with Diesel injectors,
has done little investigation on GDI and this is the second thesis in gasoline
injection related topic [8]. However, it was possible to transfer some know-
how available in the group from Diesel injectors into GDI. To perform the
necessary experiments, it was required to develop a dedicated vessel to study
the phenomenon. Thus, the two main objectives of the present thesis could
be presented as follow:

1. To develop the necessary test equipment and be able to replicate the
conditions of flash boiling in a controlled environment. The new test
rig should allow the utilization of different optical techniques for the
diagnostic and analysis of the flash boiling phenomena, through the
measurement of several characteristics spray variables.

2. To contribute to the understanding of flash boiling during the injection
event, by means of an experimental approach comparing two injectors
with different holes distributions. Also, evaluate the effects of the phe-
nomena in the air-fuel mixing.

To imply relations in flash boiling conditions, a complete characterization
of the injector has been carried out. The experiments could be separated
into hydraulic characterization and external visualization. The experimental
facilities available in the CMT laboratories can be summarized using this
groups:

o Hydraulic characterization

— Rate of injection
— Plastic deformation technique

— Momentum Flux test rig

e Spray Visualization

— GDI visualization test rig

— X-ray visualization
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As stated before, for the visualization part a new test rig was developed to
broad the operation range which was not possible to operate with High Pres-
sure High Temperature (HPHT) test rig already available at CMT-Motores
Térmicos. For the experiments two same technology but different nozzle in-
jectors and four fuels were used. In a first instance the conditions used were
the ones in the guidelines of the ECN [9], and variations around it. It was
tested real engine conditions as well as not as typical due to research more ex-
treme conditions of flash boiling, always within the capabilities of the available
facilities.

1.3 Thesis outline

The document is organized in seven chapters to make this thesis structured
and easy to understand. It starts with a general introduction (chapter 1)
which provides the reader with a general context and motivations for the
thesis.

Chapter 2 gives fundamental concepts of combustion engines. The evolu-
tion of combustion engines is discussed as well as its basic working principles.
Then, more specific GDI theory and concepts are introduced, which are more
related to the actual theme of this work. Lastly, the most recent works related
to this topic are discussed to set the ground to this research.

In chapter 3 is explained the methodology followed during the thesis, be-
sides, it is described the experimental facilities and pieces of equipment used to
obtain the experimental data. The injector’s hardware employed is presented
as well as the explanation of the selected operating conditions. Then, inter-
nal hydraulic characterization facilities are explained such as rate of injection,
rate of momentum test rigs, as well as a description of the plastic deformation
technique. In addition, visualization experimental equipment are described,
including visualization test rigs and the x-rays techniques employed during
the research stay at Argonne National Laboratory (ANL). Finally, it is dis-
cussed various optical arrangements utilized and the data (image) processing
methodology employed to obtain the final results.

Chapter 4 illustrates the process of conceptualizing, designing and built
the test rig employed to study gasoline sprays, specifically in controlled con-
ditions that allow to investigate the flash boiling phenomena. It discuss the
requirements necessary to operate at flash boiling conditions and how the
available facilities at CMT-Motores Térmicos could not meet the require-
ments. The reasoning behind selecting materials, instrumentation, and op-
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eration mode is presented along with simulations and tests that validate the
design and the safe operation.

The fifth chapter (chapter 5) is the first one including results, in which
the hydraulic characterization outcomes are presented and discussed. This
section reports from rate of injection, plastic deformation technique and rate
of momentum measurements. Each of the sections motivates and introduced
the test conditions selected for the experiments. Although every results is
discussed in its section, there are several examples of combining results from
different sections to obtain a global overview and support in arriving to con-
clusions.

In chapter 6 is exposed the visualization results obtained from the injector
external flow. It is divided in two main sections. The first section is about the
biggest experimental campaign of this thesis involving four fuels, wide range
of experimental conditions, and the use of the dedicated test rig to study
flash boiling effects in sprays, which was extensively explained in chapter 4.
The different volatility of the fuels allows to investigate various levels of flash
boiling in the flow within the test vessel range of conditions. Also, the two
injectors permit to infer different behavior depending on the nozzle geometry
and holes distribution.

In the second part of this chapter is presented the results obtained in the
experimental campaign performed during the research stay at ANL. It was
studied the wall impingement of the gasoline spray using the ECN hardware.
It was researched two wall configurations, two x-rays techniques, in which one
condition on flash boiling was tested (G2 conditions from ECN [9]).

Finally, the seventh and last chapter (chapter 7) provides a summary and
overview of the principal results of this thesis, emphasizing the most important
conclusions of the previous chapters presented. At last, it is suggested future
works and directions that could be taken to advance the research on this topic.
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Chapter 2

Fundamentals of fuel injection

2.1 Introduction

If there is something that has characterized technology throughout its exis-
tence, it is a tool at the service of humanity. This allows society to evolve,
being the improvement of people’s living conditions their main objective. The
pace of technological evolution is accentuated over the years, having exploded
with the birth of the industrial revolution and driven by modern capitalist
society, in which the need for technological innovation becomes an essential
parameter for industrial competitiveness.

Since the appearance of the first vehicle propelled by an internal combus-
tion engine in 1860 until today, the automobile industry has been involved in
constant changes. This has had to adapt successively to the needs demanded
by society, which has led to an industry, although young, highly developed. In
recent years, especially since the signing of the Kyoto protocol, the car indus-
try has been strongly marked by climate change. A new era that implies the
need to reduce pollutants produced by limiting harmful NOx exhaust gases,
as well as the search for alternative propulsion models to those using fossil
fuels.

This path to sustainability is what the future holds. The automobile in-
dustry must continue the adaptation process that has characterized it since
its inception, which entails a modernization process through an evolution of
the propellant plants, and begins with guaranteeing maximum emissions of 95
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g/km by 2020, as the European Comission. From here, these emissions should
gradually decrease until they disappear, scheduled for 2050.
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Figure 2.1: Extrapolation of annual sales of light vehicles by type of technology [1].

According to Figure 2.1 the road that guarantees sustainability leads to the
appearance of different propulsion models such as the electric car or hydrogen
fuel. However, until these technologies are able to completely replace diesel
and gasoline engines, what is intended is to reduce the emissions of the latter
with the aim of extending their period of use and thus take advantage of all
the technology developed. To meet this objective, GDI (direct fuel injection)
engines appear, which focus on reducing fuel consumption and translates into
a reduction in pollutant emissions per kilometer.

In the particular case we have today with Covid-19, COs emissions due
to fuel consumption has been affected by the country’s economic conditions
as depicted in Figure 2.2. There is a large increase in emissions linked to fuel
energy consumption over the years. It can be observed that the emissions
have decrease in each crisis, emphasizing on the actual one. However, it is
most probable that there would be a recuperation to the previous levels that,
although being not desirable in terms of emission, would mean the activation
of the economy.

Probably because of the pandemic the objective of drastically reduce the
emissions from passenger car using alternative propulsion would have to wait
longer and the trend would be to improve hybrid and non-hybrid GDI engines.
The current government directives toward reducing pollulants have caused
that most manufacturers are already equipping their gasoline models with
direct injection engines. The pioneer was the Japanese brand Mitsubishi with
the GDI engines. Renault is now followed by IDE engines, the PSA group
with HPi engines, and Volkswagen with FSi engines.
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Figure 2.2: Global energy-related CO2 emissions and annual change, 1900-2020 [2].

2.2 Description and types of ICEs

The internal combustion engines (ICE) are heat machines that turn most of
the energy released by the combustion chemical reaction of fuels into useful
mechanical work. The "internal" term refers to the location where the reaction
occurs, which in this case takes place inside the machine.

There are various common classifications of ICEs according to the ther-
modynamic cycle, and depending on how many steps take to perform it (2
strokes or 4 strokes). In two-stroke engines, the crankshaft achieves one revo-
lution during one cycle when the piston has moved two times. For four-stroke
engines, the piston inside the engines moves four times, and there are two rev-
olutions of the crankshaft in once cycle. The first one is simpler and cheaper,
so for propulsion is typically used in light vehicles or motorbikes, or when the
application requires a small engine. The four-stroke engine allows for higher
fuel economy and is more popular in passenger vehicles.

Other classification could be made depending on different thermodynamic
cycles. The two most popular cycles of ICE engines are Otto and Diesel,
named after their creators. FEach one presents a particular difference in the
way that the fuel is ignited. For Diesel engines, the fuel is ignited by achieving
the necessary temperature and pressure conditions in the cylinder, that is why
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they are denominated compression ignition (CI) engines. The four-step cycle
of this type of engines can be synthesized as follows:

o Intake: the piston begins at the top dead center (TDC) and ends at
the bottom dead center (BDC). With the intake valve open, the air is
dragged into the cylinder, due to the vacuum pressure generated as the
piston is moving downwards.

o Compression: the intake valves are closed, and the piston starts to rise,
compressing the air trapped in the cylinder.

e Combustion: when the piston is arriving back to the initial position, fuel
is injected in the chamber. At this moment, the conditions of pressure
and temperature in the cylinder are sufficient to auto-ignite the mixture.
The energy released by the oxidation reaction increases the pressure and
temperature, making the piston to go down.

o Exhaust: the exhaust valve is opened, and the products of the combus-
tion are sweep away by the piston moving upwards. At the TDC the
crankshaft would have rotated two revolutions and cycle is completed.

As has been described, only air is introduced in the cylinder. The combus-
tion is controlled by the injection of the fuel when the piston is near the TDC.
At that moment, the ignition conditions are achieved as the fuel is injected and
evaporation and mixing occur. As consequence, a diffusion flame is created in
the borders of the spray. It is intrinsically a heterogeneous combustion since it
only befalls in areas where the air-fuel mixture is adequately rich. Therefore,
the injector plays a critical role since the characteristics of the fuel jet and air
movement inside the cylinder control the combustion.

In the other hand, the Otto cycle runs using constant volume combus-
tion, which is started by a spark that gives the necessary energy to begin the
combustion. They are also known as spark ignition (SI) engines. Recent inves-
tigations are trying to have further control of the ignition by substituting the
spark for plasma or laser ignition [3-7]. However, these technologies are not
ready for production at the moment, and actually Denso (a car component
manufacturer) suspended the development of a type of plasma ignition system
due to its unfeasibility [8]. The four steps of the Otto cycle are described next:

o Intake: through the open intakes valves, a mixture of fuel and air is
dragged as the piston moves downwards.
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e Compression: the intake valves are closed. The piston starts to rise until
it arrives at the TDC, compressing and increasing the temperature of
the air-fuel mixture trapped in the cylinder.

e Combustion: the spark plug ignites the mixtures. The pressure increase
generated by the gases resulting from combustion pushes the piston
downward.

e Exhaust: in this last step, the exhaust valve is opened, and the piston
scavenges the combustion products away.

As stated, the combustion in gasoline engines starts by adding energy
by an electric arc in the spark plug. The timing of the combustion can be
precisely controlled to obtain the most efficient combustion at that engine
condition. The Otto cycle example was described for a homogeneous charge, at
the stoichiometric air-fuel ratio. This is true for conventional gasoline engines
working with carburettor or port fuel injectors (indirect injection), where the
amount of air-fuel mixture is controlled by a throttle valve located upstream
the intake valves. For instance, at a higher power demand, the throttle opens
to its maximum, and since the amount of fuel is proportional to the air to
achieve stoichiometrically, more mixture enters the cylinder accomplishing
higher in-cylinder pressure and power. However, it will be later explained
that GDI engines permit to operate at both homogeneous and stratified charge
since there is a direct injection inside the cylinder so that the operating mode
depends on the timing of the injection event.

As seen, the two principal differences between both cycles are first, how
the mixture is formed. And secondly, how the combustion starts and develops.
The characteristics and operating conditions capable of each engine depend
essentially on that.[9]

2.3 Fuel injection process

2.3.1 Gasoline injection systems

As mentioned previously, the injectors for gasoline engines were not a critical
component since the mixture is performed in the admission duct. However,
for the well functioning of the cycle, the mixture should be able to ignite
when required by the spark plug (within the lammability limits). The air-fuel
quantities must be determined by the engine regime, and are normally handled
using two main definitions. First, the Lambda () or air-fuel equivalence ratio,
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which expresses the ratio of actual mixture to stoichiometric. The ratio is
described in Equation 2.1 and the value gives information of the mixture: A
= 1.0 represents stoichiometry conditions, whereas A < 1.0 for rich mixtures
and A > 1.0 for lean mixtures.

Mass of air

= 2.1
Stoichiometric mass of air (2.1)
Another frequently used definition is the fuel-air equivalence ratio (¢) and
similarly is determined as the ratio of fuel-to-oxidizer to the stoichiometric
fuel-to-oxidizer as depicted in Equation 2.2. This definition is equal to the
inverse of the A value.

_ mfuel/moac _ l (22)
(mfuel/mox)st A

These ratios are of great importance since they describe the flammability
limits of the mixture, thus possible functioning points. The limits are more
restrictive in SI engines than CI engines due to the nature of the combustion.
For SI, the limits for stable combustion are for ¢ values between 0.6 and 1.6.
However, if the engine is aiming for maximum fuel efficiency, it would go for
slightly lean mixtures (¢ < 1), conversely, for maximum power, the values are
around ¢ =~ 1.15 corresponding to moderately rich mixtures. In the end, the
exact values would depend on the temperature and pressure of the cylinder,
besides the throttle valve angle, among other factors [9]. Besides, if a three-
way catalyst is used to reduce the harmful emissions, a strict operation at
an equivalent ratio of approximately one must be used through all engine

conditions for the proper functioning of reducing oxides of nitrogen (NO,,).

In contrast to CI engines, whose injector controls the air-fuel mixture,
in SI the fuel is injected in the intake valve, allowing more time for mixing
thus functioning in homogeneous mode. The carburetors first, and then the
Port fuel injection are the systems which have been typically used for gasoline
engines injection. The amounts of air and fuel are precisely controlled to
achieve the optimum mixture. However, to control the load, a throttle valve
is used to limit the amount of air through the intake by creating a pressure
loss which decreases the volumetric efficiency. This undesirable loss, together
with avoidance of wall-wetting are some of the reasons for pursuing direct
injection systems [10, 11], which will be discussed in section 2.4.
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Figure 2.3: Sketch of a cut-section of the carburetor patent of C. Benz [12].

Carburetors

The carburetor was among the initial patents by Karl Benz (1885 Germany,
1888 US) as he improved internal combustion engines and their components
(See Figure 2.3). It performs a mixture of air and fuel before entering the
cylinder. The first models of carburetors were surface type, in which the
mixture is performed by passing the air around a wet surface with gasoline.
It works using the concept of a Venturi tube and Bernoulli’s equations. The
carburetor depends on the throttle of the engine, which controls the airflow
that is pushed in. The speed and pressure of the airflow when passing through
the carburetor determines the amount of fuel drawn into the airstream. The
carburetor was improved over the years and used as the first fuel delivery
systems in passenger cars.

It was not until 1937 that aircrafts engines needed the fuel to be pressur-
ized, then the gasoline injectors were introduced substituting the carburetors
for these applications. The fuel injection was developed in parallel with the
carburetors. In the seventies, they were hard to improve, and the catalytic
converters needed a more precise control over the air-fuel mixture, which led
to the implementation of the gasoline injectors. EU legislation concerning
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emission required all vehicles sold and produced after 1992 to have a catalytic
converter. Hence, the use of a closed-loop system that used an oxygen sensor
provided better accuracy for the fuel injection to operate at an adequate ¢.
The carburetors for passenger cars were gradually phased out by the 90s in
favor of the fuel injection, which was already common for expensive cars.

The gasoline injection that it is referred to this moment is gasoline indirect
injection, in which the mixture is realized before the intake valve. Thus, the
injection system could be classified into indirect or direct injection, whether
the injection is done outside or inside the combustion chamber.

Gasoline Indirect injection

Indirect fuel injection is the technology that has replaced the carburetors, and
it is still present in many gasoline engines. The fuel is delivered upstream of
the intake valves in a single or multi-point configuration using one or several
injectors.

The most popular indirect injection schemes are:

e Single-point injection: it uses a single injector at the throttle body, in
the same location as the carburetors. It was used in the 1940s in large
aircrafts engines and in the 80s in the automotive world. The justifi-
cation of the single point injection is because it was a low cost/better
performance substitute for the carburetors.

e Continuous injection: the fuel flows from the injectors at all times but
at a variable flow rate, in contrast to most fuel injection systems which
work delivering fuel in short pulses. It was mostly used for luxury-high
performance cars.

o Multipoint fuel injection (MPI) or port fuel injection (PFI): In this case,
the fuel is injected just before the cylinder inlet valve for each engine
cylinder. Typical fuel pressure for these injectors is between 2 to 5
bars. They are normally timed to inject while the intake stroke occurs.
Figure 2.4 shows a schematic of the MPI in an engine.

In the port fuel injection, the spray is injected in the intake duct and
valve, which cools down the valve and starts to vaporize. The fuel demand
is such for some engine loads and speeds that the injector is continuously
injecting even when the valve is closed. The manifold heat promotes the
vaporization, and thus a better mixing with the air is achieved when the
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Figure 2.4: Sketch of a typical port fuel-injection system squirting fuel into the low
pressure (vacuum) of the intake manifold, about 70 to 100 mm from the intake valve

[13].

spark plug activates. In opposition to Single point injection, in which the
fuel has to travel a longer distance to enter the cylinder suffering higher wall
wetting, the PFI produces less wall wetting and so generally fewer emissions
and higher volumetric efficiency [9, 14, 15]. In addition, the inlet manifold for
this system is designed in a way that enhances the airstream when entering
the cylinder. However, PFI has to overcome the short injection time during
idle conditions with controlled and precise fuel delivery. Also, PFI has the
risk of producing rich mixtures due to the short travel distance and time to
blend with the air.

The first indirect injector was mechanically operated, and its application
was on gasoline-fueled aviation by Leon Levavasseur in 1902. It was not until
the 50s that the technology was introduced in high-end cars, coliving with the
carburetors. Mechanical injectors had limited adjustments to deliver the right
amount of fuel for each condition that the engine needs to operate, such as
a variety of speeds and loads, starting regime, different atmospheric pressure,
and temperatures induced by a change of altitude, etc. The electronic fuel
injection (EFI) relied upon many sensors and controls which avoid the lack of
management of the fuel. When working together, sensors provide inputs to the
system to compute based on an "engine map" the optimum amount of fuel for
the condition and thus better engine performance for the given requirements.

In 1957, Bendix corporation presented the first electronic injection systems
[16], which was the first movement towards better control and timing of the
fuel, however as the first version presented many problems, so it was imple-
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mented in very few cars. Later, Bosh bought the patent and developed the first
mass-production electronic injection systems called "D-Jetronic" controlled by
intake pressure. It was superseded by the "L-Jetronic" and "K-Jetronic"'. The
latest incorporated the first close-loop control using the lambda oxygen sensor.
Later the "L-Jetronic" was combined with engine management technology to
include a programmed engine map control of the ignition. These architectures
were designed for multi-port fuel injection. However, the "Mono-Jetronic" was
developed in 1987 which was a lower-cost solution that helped wide-spreading
the fuel injection and its accessibility to the masses. It consisted of a single
port injector (SPI) that was placed in the main throttle body, which was a
perfect solution for mid to small vehicles. From that point on, the carburetors
were not used anymore; fuel injection was needed for the proper function-
ing of the three-way catalyst and the necessary close-loop with the lambda
sensor. Besides, fuel injection provided lower fuel consumption and exhaust
emissions, increased output, torque, and volumetric efficiency, better drive-
ability and response, and finally, less noise than the carburetors [14]. The
most common architecture in actual cars uses a combination of Motronic in-
jection with a multipoint injection to comply with fuel economy and emissions
requirements [17]. PFI must satisfy various performance requirements, among
which are fast opening and closing, resistance to deposits, a small deviation
between pulses, a broad range of mass flows, correct atomization, etc. These
reasons makes them complicated pieces of the engine still under research and
development for future engines, including hybrid type [15, 17-25].

2.4 Gasoline direct injection

2.4.1 Introduction to GDI

Gasoline engines have been the predominant thanks to the simpler archi-
tecture, low cost, excellent driveability, and high specific power. However,
increasingly stringent emissions regulations have led to the development of
gasoline engines with the aim of reducing emissions. In Europe, the use of
diesel engines has been the predominant means of reducing COs emissions,
occupying a share of more than half of the car market. However, diesel en-
gines have more complex fuel injection and gas after-treatment systems, as
well as needing more robust engine blocks, so they tend to be more expensive.
The strategy followed in the current developments tries to make gasoline en-
gines compete with diesel engines in terms of pollutants and fuel consumption.
To this end, the development of new technologies such as gasoline direct in-
jection (GDI) are proposed as potential solutions to achieve this, as they are a
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solution that does not deviates away from conventional IC engine technology.
GDI engines expect to overcome current problems with gasoline systems, such
as improving fuel economy by being able to prevent knocking at high loads
[26, 27], reduce pollutants of HC and NOx and decrease the pumping losses
at part load conditions [28]. Since injection occurs directly in the cylinder,
evaporation of the fuel helps to cool the mixture and reduce its temperature.
This directly affects a decrease in NOx during combustion as well as minimiz-
ing knocking. HC reduction is mainly achieved during cold start: wall wetting
on intake valves is reduced by means of a split injection strategy. Regarding
the reduction of pumping losses, it is achieved virtually through the use of
stratified combustion, where there is a rich mixture around the spark plug
but the overall mixture in the cylinder remains stoichiometric. However, al-
though stratified mode presents benefits in relation to fuel consumption, its
direct use is not evident since it also presents important limitations that have
prevented its expansion. The implementation of GDI also allows the use of
new approaches to reduce emissions, such as the implementation of down-
sizing, increasing the compression ratio, turbocharging or a combination of
these. The use of GDI has also physically enabled the development and explo-
ration of new combustion models previously impossible to implement such as
HCCI (Homogeneous Charge Compression Ignition), GDCI (Gasoline Direct
Compression Ignition), RCCI (Reactivity Controlled Compression Ignition),
homogeneous lean spark ignition, water injection for knocking resistance [14,
28, 29].

The earliest prototype for GDI engine was built in 1916 in Germany for
a Junkers airplane running gasoline on diesel engines, direct injection was
employed to avoid missfires. Nevertheless, the first application in passenger
cars in 1952 when Bosch developed a mechanical GDI system powering two-
stroke engine in the Goliath GP700 and Gutbrod Superior. Later, in 1955
it was presented the Mercedes-Benz 300SL, which was powered by the first
four-stroke engine to use GDI technology [9]. Figure 2.5 depicts an sketch
of the technology at this early stage. During this first vehicle applications,
besides fuel economic the main reason to use GDI was to increase the per-
formance of the powertrain. Throughout the 70’s, companies like American
Motor Company (AMC) and Ford tried to implement mechanical prototypes
of GDI, however, none of them came to market. The standardization of elec-
tronic injection in the 1990s, along with the development of common rail in
diesel engines, brought together the technology needed to successfully imple-
ment the GDI engine. In fact, in 1996 the Mitsubishi Galant was introduced
to the Japanese market, the first car produced on a large scale to be equipped
with a GDI engine. Which arrived in Europe a year later under the model
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"Carisma" [30]. Almost simultaneously, Toyota also presented its GDI engine
model to the European and Japanese markets [31]. From this point on, car
manufacturers began releasing their gasoline direct injection engine variants,
while maintaining and improving PFI units.

Figure 2.5: Sketch of GDI combustion system of Benz 300SL (1954) adapted from
[30].

Figure 2.6 illustrates the main components that constitute a gasoline DI
engine. The injector is installed inside the cylinder, which is supplied by high
pressure fuel. The fuel is delivered and blend with the air that comes through
the electronic throttle valve and the intake valve. In this example there are
two lambda sensor at each side of the after-treatment device. They work in a
closed-loop linked to the ECU, which decides the adequate amount of fuel for
each operation point [32, 33].

Nonetheless, at this time the fuel efficiency in real-world driving conditions
in DI gasoline engines was less than claimed. The reason is that the tighter
emission regulation commanded the use of an expensive and less efficient lean-
burn NOx after-treatment for stratified lean-combustion operation since the
three-way catalytic system could only work for stoichiometric conditions [32].
In addition, gasoline engines working under stratified combustion modes ex-
perienced more soot generation because of the liquid fuel films in the piston
surface, HC emissions due to incomplete combustion and flame quenching [34].
Subsequently, GDI engines after 2001 have been designed to operate at ho-
mogeneous charge mode. They are configured and marketed for their greater
performance. Actually, at high rpm the GDI system might not have time to
provide all of the fuel needed. Thus, some car manufacturer combined the
system with an PFI structure to achieve maximum power and fluid operation
at part load conditions using stoichiometric charge.

Besides GDI targeting the high performance engines, in the mid 2000’s
the new trend of downsizing and turbocharging represented a new era for DI
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Figure 2.6: The component schematic of a GDI system. Adapted from [33].

gasoline engines [35-37]. Audi and VW group have been the most advanced
leading the production of the popular TSI 1.4 liter DI gasoline combining
a mechanical supercharger and turbocharger and producing remarkable 90
kW /liter power density [32]. This approach can substantially increase engine
efficiency since the load could be controlled with the boost degree instead of
the throttle valve.

Despite the difficulties in making an efficient and emission-compliant GDI
engine, these engines have continued to be developed and researched because
of their potential for improvement [21-24, 35-40].

2.4.2 Stratified charge combustion

Traditionally petrol engines have operated with stoichiometric mixtures, in
which the load is determined by the throttle valve. This valve is the cause
of the loss of volumetric efficiency when the engine is running at part-load
conditions. Reducing this loss of air intake would potentially improve fuel
consumption to some extend. The objective of stratified charge mode is to
reduce this loss by eliminating or restraining the use of the throttle valve
to control the engine load. In order to keep a globally stoichiometric ratio,
a rich and ignitable mixture (within flammability limits) is provided in the
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surroundings of the spark plug while maintaining a lean one in the remaining
combustion chamber. Therefore, this strategy accomplishes a reduction of
part-load pumping losses compared to throttle configuration, reduction of gas
temperatures in the cylinder and thus reduction of thermal losses and NOx
production, and finally, increases the work extracted by increasing the ratio
of specific heats [34].

The time at which the injection event occurs is the substantial difference
between stratified and homogeneous charge modes. The injection during the
stratified charge mode happens during the compression stroke at around 60-
70 crank angles degrees (CAD) before top dead center (BTDC), whereas at
homogeneous charge mode, the fuel is delivered at the intake stroke (much
earlier) at 270-300 CAD BTDC [15]. A representation of the two different
combustion modes is shown in Figure 2.7. For the stratified mode (right) the
fuel does not have time to mix well with the air contained in the chamber
by the time that the spark plug activates, nevertheless, for the homogeneous
mode the injection is performed much earlier during the intake. The airstream
turbulence and the longer time make possible a sufficient homogeneous mix-
ture. The ideal operation is to actuate in stratified charge mode at part-load
to avoid the volume efficiency loss (throttle valve halfway close), while at full
load operate in homogeneous charge mode with the throttle valve fully open
[11, 32].

Intake-stroke injection Compression-stroke injection

Figure 2.7: Operating combustion modes for GDI. Homogeneous operation (left) and
Stratified charge (right). Adapted from [32].

In stratified mode, the fuel delivery process is not an easy task as there
is very little time to get a proper mix around the spark plug. The success
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for a good fuel convection and mixture depends on many variables, but also
the approach taken. There are three different strategies to form a ignitable
mixture near the spark plug, which are wall-guided, air-guided and spray-
guided, represented in Figure 2.8.

Spray guided Wall guided Air guided

Figure 2.8: Configurations overview of DI gasoline engine concepts. Adapted from

[41].

First DI engines used the wall-guided system, which employed a special
shape in the piston surface to transport the fuel to the spark plug [42]. The
use of this system alone is not efficient. The fuel injected in the piston surface
cannot completely evaporate which created many HC and CO emissions, and
fuel consumption is not optimal. On the other hand, in air-guided approach
the fuel is injected in the airstream which transports it to the spark plug sur-
roundings. The desired airflow is achieved by a special design of the intake
ports. This strategy does not wet the piston or cylinder, and uses a combina-
tion of swirl and tumble air movement, usually combined with special surfaced
piston to move the compact fuel cloud to the sought location. In these two
strategies the injector is located far from the spark plug.

VW was one of the first to introduce DI combustion system in the early
2000s using a combination of wall-guided and air-guided strategies, which
showed advantages in stratified as well as homogeneous charge modes. Fig-
ure 2.9 shows a schematic of this system. The injector is mounted next to
the intake port and the piston head has two bowls: one on the intake side
between the intake valves and another in the exhaust side. The bowl near to
the injector nozzle guided the fuel towards the spark plug, whereas the other
bowl creates an air motion that transported the remaining fuel to the ignition
area [43]. The correct functioning of these strategies depends strongly on air
movement inside the cylinder as well as on inconvenient piston head shapes,
both of them contributing to a decrease in engine performance and thermal
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efficiency due to heat loss. In addition, due to their design these strategies
tend to intrinsically originate wall wetting on the piston head and therefore
generate too many HC and soot emissions.

injector

Wall directed  Air directed

Figure 2.9: Volkswagen (VW) FSI engine air-wall guided engine design. Adapted
from [14].

The last engine concept is the spray-guided direct injection (SGDI) system,
which is the most modern configuration. Mercedes and BMW introduced this
system in 2006 what could be considered the second generation of DI gasoline
engines with wider operational range [15]. The injector is principally respon-
sible for delivering the fuel close to the spark plug, where it also evaporates.
It has to provide repeatable spray pattern for all flow and pressure conditions
in the chamber. This approach presents the highest theoretical efficiency and
it is still researched today for new combustion concepts [42, 44-49]. It has
some advantages respect to the previous systems: wider stratified operation
region, less sensitive to in cylinder flow variation, decreased wall wetting, and
reduced HC emissions. However, there are particular problems or new chal-
lenges to solve in SGDI systems. SG injectors could develop coking at the
injector nozzle tip principally due to low combustion temperatures, which can
be addressed by meticulously design holes or counterbores [46, 50]. The spark
plug reliability is also compromised because of fouling. Finally, this system
has poor robustness since it is tremendously sensitive to injection and ignition
timing. When operating in stratified mode, there is limited time for mix-
ture formation which could result in too rich zones that cause HC emissions,
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misfires and unstable combustion. At the introduction of stratified gasoline
engines, Europe has responded with Euro VI as an attempt to regulate the
maximum PM emitted by gasoline engines. New combustion strategies are
being researched such as Homogeneous Stratified combustion, which uses a
split injection during the intake to form a lean homogeneous charge and a sec-
ond injection during the compression stroke to provide a rich mixture around
the spark plug [42]. This concept and some other have the potential to over-
come shortcomings of the stratified charge, and although important efforts
have been done, the GDI operating under stratified charge is still a challenge
being researched [51-56].

2.4.3 New combustion concepts and GDI technology

Besides the stratified mode, the DI gasoline engines are very resourceful since
they also have permitted the use of other technologies and combustion strate-
gies. Turbocharging is a technology that has traditionally serve to increase
performance keeping the same engine architecture, however, more recently
combined with engine downsizing have presented a manner to increase resis-
tance to knocking, and thanks to variable camshaft phasing devices, increase
the manifold pressure and operate at much greater BMEP [32]. Downsizing
pursuits to reduce pumping losses by fitting an smaller swept volume engine
than is common for a given power output. Then, for full load performance, it
recover the loss by using a pressure charging system. The result is that for any
given load the throttle valve is wider open which reduces the irreversible losses
in during the aistream entrance. Since the industry is predisposed to continue
using the 4-stroke engine, the great advantage of this approach to minimizing
losses comes from the fact that it is not affected by the fuel specifications or
the requirements for emissions compliance. The shift of the compressor map
is possible by increasing the scavenging, which is achieved by delaying the fuel
injection until the exhaust valve has closed. This practice results in improved
system driveability (by a turbo lag reduction), solving one of the characteris-
tics costumers give more value: engine response, which is more notable in big
displacement engines.

The main approach for increase engine thermal efficiency is to increment
compression ratio either by piston displacement design or supercharging. How-
ever, is significantly limited by knocking. Cooled Engine Gas Recirculation
(EGR) and air excess are promising approaches to minimize knocking, al-
though the use of DI itself provides great control over fuel self-ignition. The
use of alcohols could increase the heat of vaporization of the fuels, so it is also
an approach to reduce knocking.
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There are other combustion concepts like gasoline direct compression igni-
tion (GDCI), which uses a stratified mixture formed from multiple late injec-
tions allowing reduced fuel consumption, PM emissions and NOx. This novel
concept could overcome the drawbacks of stratified combustion discussed in
subsection 2.4.2. This system can be the trigger for a new generation of en-
gines that take advantage of both SI and CI approaches. It would use fuels
with low cetane numbers, which would have a longer ignition delay and there-
fore allow more time to achieve a better mixture ultimately reducing soot and
HC [15].

The lean boost combustion is a concept that exemplifies the combined use
of downsizing with direct injection, in addition to pressure charging during
lean operation. An important factor for the proper functioning of supercharg-
ing in an engine is the octane rating of the fuel. Normally, it is necessary
to reduce the geometric compression ratio of the engine to accommodate the
boost and thus avoid knocking (negatively affecting thermal efficiency). How-
ever, if it is used homogeneous lean operation and DI, the octane requirement
is reduced and a higher compression ratio can be assumed. The operating
limits are enclosed between the risk of knocking on the rich side, and spark
initiation and flame propagation on the lean side. By adding the boost to the
equation, the operating range is shifted to higher A values. The change to
lean side causes the engine output to decrease, so eventually to operate you
need to increase the boost to a higher level than the naturally aspirated one
that allows downsizing but with lean conditions. To minimize air demand, it
will be used the richest mixture that provides stable operation. Therefore, the
reduction of the octane requirement is achieved thanks to DI and the knocking
suppressant action of the excess air [55-59].

To conclude with the charging and combustion strategies, it should be
noted that in direct injection the injector is the main component since it is
responsible for providing the appropriate spray for each situation. Therefore,
much attention is paid to the development of injectors. As the requirements
for new combustion strategies increase and narrow, the same will apply to
both GDI and PFT injectors. They must not only provide the proper amount
of fuel, but also obtain the degree of atomization and location of fuel required
in each engine operating scenario. The following section presents the different
types of GDI injectors developed so far, with emphasis on SG systems being
the main players along this work.
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2.5 GDI fuel injectors

2.5.1 Evolution and types of gasoline injectors

Considerable technology and know-how has been transferred from the design
and manufacture of diesel injectors to gasoline DI. Both types of injectors
have common features that are mutually beneficial. Fuel injection is a very
important process in DI engines. The injector must meet requirements to
provide fuel at high pressure and low pressure depending on the operating
condition and strategy to be followed in a precise and consistent manner.
The injectors have to be able to provide a well atomized mixture distributed
along the cylinder as needed to operate under homogeneous load conditions,
as well as in case of operating in stratified mode be able to provide a fuel
rich zone around the spark plug. To achieve the degree of atomization and
the amount of fuel required in such a short time, the injectors operate at
high pressures, usually working at pressures between 50 and 250 bar [17, 26,
32, 60-63]. However, thanks to the advance of new materials and designs,
it is studied that the use of higher pressures would bring several benefits.
Johansson et al. [64] employed an injector capable of operating up to 350
bar as an attempt to decrease particle emissions although he found that the
use of high pressure directly affected soot production. Hoffmann et al. [65]
from Delphi technologies studied the viability of pressure increase not only
in the injector performance but in the fuel pump and other components. In
fact, Delphi claimed in 2016 the introduction of the first commercial GDI
injector that operates at 350 bar [66]. Furthermore Granqvist [67], president
of Denso Sweden, stated in 2017 that there was not mass production GDI
injector and pump durable above 35 MPa so far. Husted et al. [68] used
a 400 bar injector to research to what extent the rail pressure affects the
fuel consumption. They conclude that increasing the fuel pressure results
in a small increment of fuel economy despite of higher energy demand of
the fuel pump. Currently, several manufacturers of injectors such as Bosch,
Delphi, Magneti Marelli, Continental, are investigating new GDI concepts
using injection pressures from 400 bar up to 800 bar which have the potential of
reducing fuel consumption and decrease emissions [65, 69, 70]. In Figure 2.10
is depicted the 800 bar prototype of injector and fuel pump from Magneti
Marelli.

As mentioned in the previous subsection 2.4.2, the first generations of GDI
were installed in a wall-guided system, which operated between 50 and 100
bar. The design of this first injectors was swirl-type, which had a single hole
and a pintle that moved inward to let the fuel pass through. The principle
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Figure 2.10: High-pressure pump and injectors for gasoline direct injection system
prototypes under development from Magneti Marelli. FExhibit in SAE China 2015
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of operation of these injectors was to apply a rotational motion to the fuel
at the outlet nozzle by means of tangential holes or slots, which succeeded in
imposing a swirl movement on the liquid. The principal characteristic of this
type of injection is that the swirl movement produced a hollow-cone spray [11].
This design had some disadvantages, however the most important was that the
cone angle produced varied considerably with different engine operating points
and ambient conditions so calibration and determining the correct design was
very difficult. In addition, the use of a camera for swirl production resulted
in a loss of volumetric efficiency, which led to the development of slit-type
injectors [71]. The next generation of GDI injectors were SG type, which
were necessary to improve the stratified load systems at full load conditions,
in addition to extending their operation range. To meet the requirements
of these systems, piezo-electrically actuated and solenoid-actuated multi-hole
injectors were developed and used [32]. Piezoelectric injectors take advantage
of the phenomenon of mechanical deformation suffered by some ceramics after
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being excited by a electric charge. The geometrical change in a piezoelectric
material is very small, so to obtain sufficient displacement, the injectors are
equipped with a crystal stack, commonly referred to as a piezo-stack [72].
Figure 2.11 illustrates a descriptive scheme of a GDI piezoelectric injector.

Figure 2.11: Descriptive diagram of a GDI piezoelectric injector. Adapted from [11].

The piezo injectors open outwards, which means that the needle comes
out of the injector to let the fuel through. They leave a small radial opening,
which forms a hollow-cone thin spray. The outward opening of these nozzles
is advantageous since it prevents the formation of deposits that could interfere
with the flow, thus avoiding the undesirable cocking that normally forms in
other types of nozzles such as multi-orifice. One of the most notable capabili-
ties of this type of injector is its rapid response, and ability to provide precisely
small amounts of fuel in a consistent manner, making it the most suitable in-
jector for multi-injection strategies. Solenoid multi-hole injectors are more
popular than piezo injectors because they are more economical by sacrificing
the repeatability and precision [34, 73]. Dahlander et al. [74] investigated
and compared the injection rate of piezoelectric and solenoid driven injectors.
They concluded that for short energizing times, piezo injectors provide fuel
more consistently than solenoid injectors. While the piezo could deliver pre-
cise small quantities lower than 1 mg @ 15 bar, the solenoid was only capable
of providing robust doses from 1.8 mg. Even so, for the new generation of
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GDI solenoids, these disadvantages can be solved by employing the ballistic
regime, which requires a combination of precise fuel metering in the injector’s
side, and electronic system management that adjusts the injection signals and
duration in real time [34, 70].

One of the most important parameters of the injectors in GDI engines is
the penetration speed, which is a critical parameter that defines the mixing
process. High spray penetration speeds can improve the mixture, however
they also present a danger of moistening the cylinder walls, which could result
in higher soot and unburned HCs. The use of piezo injectors to increase
atomization (improving mixture) and decrease penetration was advocated by
Mercedes’ BlueDirect technology [75], although the application was for luxury
car engines. Figure 2.12 shows the fuel spray from a standard piezo driven
outwardly opening nozzle, a multi-hole and a pressure swirl injectors.

Pressure swirl Multi-hole Piezo

Figure 2.12: Spray from different types of GDI injectors [72, 76].

The combination of fast response, accurate fuel metering, deposit resis-
tance and preferable penetration make the piezo injectors very suitable for
operating GDI engines in stratified charge mode as well as homogeneous mode
[42, 77, 78]. However, despite their evident benefits, they are not always
preferable for real engine testing. Besides, the injector temperature affects
greatly in the performance and different voltages are needed to operated the
piezo-stack [79]. Smith et al. [80] investigated and compared the performance
between one SG multi-hole solenoid driven and outward-opening piezo injector
under steady state warm up conditions. Over a simulated Federal Test Proce-
dure (FTP) cycle, the multi-hole system had 15% lower hydrocarbon and 18%
lower carbon monoxide emissions, and more significantly a 3% benefit over fuel
consumption. Solenoid driven multi-hole injectors have been used more ex-
tensively than piezo ones, due mostly to lower cost. Nevertheless, these have
another outstanding advantage which is that its multi-orifice design allows
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the maximum combination of possibilities to distribute the fuel spray to the
desired location, therefore an adequate distribution can be achieved so as not
to impact walls or get closer to the spark plug depending on the combustion
chamber [81]. Due to its versatility and being cost-effective, the use of this
type of injectors is very common in GDI engines, so the amount of studies and
scientific effort has been notably higher in these injectors [32, 34, 82, 83].

Due to the above reasons, the ECN group (explained in chapter 1) has

preferred to use this hardware for gasoline spray research, referring to it as
"Spray G" [84].

2.5.2 Test injectors: Multi-hole solenoid driven type

GDI injectors have been developed with transferred diesel injector technology,
as an existing evolution of older PFI injectors, still, redesigned to operate at
significantly higher pressures [34]. The normal range of operation of these
injectors is from 50 to 200 bar [17, 61, 62], however there are already several
designs on the market capable of operating at 350 bar [64, 70], 400 bar [85],
and the feasibility of operating with pressures of 500 to 800 bar is currently
being analyzed [65, 69, 86].

A cross-section drawing of a typical GDI solenoid-driven multi-hole injector
from Bosh can be observed in Figure 2.13, although similar structure and
technology is used by other manufacturers as well. The fuel enters through
the inlet (1), which is connected with the valve seat (the fuel has the same
pressure). While not actuating, the nozzle orifices are covered by the ball
at the end of the needle. To inject, the coil is excited by a current coming
from the electrical connector, which creates a magnetic field that forces the
needle upwards. Finally, a spring is employed to return the needle to its initial
position closing the valve.

The injectors used for this work are valve covered orifice (VCO). One is
the Spray G from the ECN and the other is a comercial GDI injector which
from this point on is referred as Production Injector Unit (PIU). Figure 2.14
depicts a close up picture of both nozzles. The left image shows the Spray G
nozzle, which has eight straight orifices configured with a stepped geometry
also known as "counterbore". The orifices are equally distributed around the
injector axis and are drilled on a bump with a hemispherical shape which
provides the space and proper angle for the holes. On the right is the PIU
nozzle, which has six straight orifices, however, in this case they are not equally
distributed and the centroid of them is deviated from the injector axis (what
is normally called skew angle). One of the most notable differences between
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Figure 2.13: Design of a Bosch HDEV5 high-pressure injector. Adapted from [17].
these injectors and a typical diesel injector is that the holes are much closer

together. This is due to larger hole diameters, and the desired angle between
the holes and the injector axis is smaller.

Figure 2.14: Close up picture of the injector nozzles used in this work. Spray G from
ECN [26] (left), and PIU (right).

These two injectors are a sample of the possible combinations and versa-
tility that are available in the multi-orifice solenoid driven. The advantage of
freely arrange the orifices allows, once located the injector in the combustion
chamber, configuring the nozzle to avoid impingement on the wall or valves
and optimize the mixture. The SG injectors can be mounted centrally at the
top of the cylinder or at the side (normally at the intake port side). The re-
searched injectors are a example of each type of combination, being the Spray
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G designed as a centrally mounted injector, while the PIU configured for a
side mount, whose nozzle presents a clear deviation (skew angle) from the
injector axis to avoid wall wetting. Other possible variable to control de fuel
jet is through different diameter orifices, as shown in Figure 2.15, the opti-
mization of individual spray hole size enhances fuel distribution and reduce
soot emissions (prevent wall wetting). However, this is not the case for the
injectors in this work, which have same diameter orifices.

Figure 2.15: Representation of wall wetting control through diameter and drill angle
change. Source Bosch.

Rivera et al. [82] and Yi et al. [83] used CFD simulations and optimiza-
tion tools to select the most favorable hole arrangement and spray pattern
to enhance mixing and avert wall wetting. Injectors configured with small
numbers of holes are typically used for research purposes, since the effect of
pressure, fuel or geometry could be isolated and studied more easily (experi-
mentally or computationally) [85, 87, 88]. Nevertheless, for real applications,
injectors usually have six or more holes so that they can deliver the necessary
amount of fuel in a limited time and distribute the fuel optimally throughout
the combustion chamber.

Moon et al. [89] applied ultra-fast x-ray to study the effects of nozzle hole
length and number on the spray formation in multi-holes GDI injectors with
configuration two and ten orifices. They concluded that when the number
of holes increases the radial and axial flow velocity decreases, which reduces
flow break-up and atomization. The needle lift plays an important role since
for these injectors it has a displacement of tenths of a micrometer, which is
much smaller than the size of the orifices. The small needle lift accelerates
and limits the flow of fuel upstream the sac. This influences the output of fuel
through the holes causing instabilities and turbulence in the fuel jet. On the
one hand, the turbulence induced by the needle lift can help the atomization
of the fuel, but on the other hand, the pressure drop produced in the bag
when there are several holes makes the speed of the spray jet and brake up



34 CHAPTER 2 - FUNDAMENTALS OF FUEL INJECTION

slow down. Therefore, there is a balance between the number of holes needed
in the nozzle and the displacement of the needle, which requires a great effort
for its optimization due to the complexity of the internal flow.

To represent these distribution of holes and needle heads, a tomographic
pictures of the nozzles used in this research can be seen in Figure 2.16. The
Spray G nozzle (up) depicts a slice through two opposing holes and is easier
to look at since the holes are symmetrical with respect to the injector axis. It
can be noted the needle head-ball resting in the needle seat in addition to the
two holes and their counterbores. In the other hand, the PIU injector does
not have counterbore and it is not axisymmetric. Figure 2.16 (bottom) shows
a projection of the tomography of the PIU nozzle, where it can be observed
that the needle head is not spherical having rather sharp edges. However, the
PIU nozzle has a plane of symmetry that is shown in right side of Figure 2.14.

Figure 2.16: Symmetry plane slice from the tomographic reconstruction of the Spray
G nozzle (up) and tomographic projection of the PIU nozzle (bottom). The needle
shape is shown in both figures (For the PIU nozzle the red line follows the needle

profile).
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One important parameter to consider when designing the orifices is the
length (L) and the diameter (D), which are normally studied through the
L/D ratio. A small L/D is normally desirable because it increases the spray
angle and jet velocity, atomize to smaller droplets and reduce the brake up
length [90]. Befrui et al. [91] used a single hole nozzle geometry to compute
Volume of Fluid Large-Eddy Simulation (VOF-LES), and exposed that flow
characteristics in GDI holes are significantly different to Diesel injector holes,
mainly due to the short L/D ratio (close to 1 versus values from 5-7 in diesel
nozzles). Results from this work reported complete detachment of the flow
caused by flow separation at the nozzle entrance. In addition, nozzles with
L/D ratio from 0.8 to 1.5 experienced hydraulic flip, which is a phenomena
associated with cavitation that occurs when the cavitation bubbles continue
beyond the nozzle domain and blend with the ambient. The ambient condi-
tion, which is normally at a higher pressure than the vapor saturation pressure
of the fuel, causes the suction of ambient air to the nozzle domain between
the liquid core and orifice’s wall. Thus the liquid-wall interaction is greatly
diminished and the instabilities between the interface liquid-air increased are
improved [92]. Shost et al. [93] simulated the flow of two nozzles with L/D
ratios of 0.5 and 1.1 and identified that the shorter holes presented greater
plume cone angles. Shost [94] also assessed the effect of L/D ratio between
nozzles L/D=3 and L/D=1.1. The comparison was made by LES simulation,
which yielded a important difference in the discharge coefficient from a value
of 0.8 for the long nozzle compared to 0.6 for the short one. Moon et al.
[89] researched the effect of orifices lengths in various multi-holes GDI nozzles
observing that shorter holes caused the increment of axial and radial flow ve-
locity at the nozzle exit, besides they reveal higher void fraction inside those
holes. These higher velocities led to shorter break up length, stronger tur-
bulence and diminished spray penetration in the direction of the plume axis.
Results that are consistent with the conclusions of LES simulation comparing
nozzle lengths from Befrui et al. [91].

Injector manufacturers have different approaches to injectors holes. Some
of them, like Delphi in the Spray G, present to what is called counterbore or
step-hole. This is a enlargement of the orifice diameter in the outside part
of the nozzle. This geometry can be hardly appreciated in Figure 2.14 (left)
where the external diameter belongs to the counterbore, albeit is easier to
observe in the x-ray of Figure 2.16 (up). Counterbores are a designing re-
sult when pursuing nozzles with low L/D ratios. The GDI nozzles have to
withstand high injection working pressures, so if the number and size of the
holes is maintained, the implementation of a geometry of L/D=1 would not
withstand the mechanical stresses in the nozzle (using L as wall thickness).
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The solution is the step-hole, which provides the desired L/D ratio while keep-
ing the injector integrity. In addition to maintaining thickness for structural
safety, the counterbore is also essential because it includes additional protec-
tion from the combustion chamber’s high temperatures at the exit of the inner
holes. However, one drawback of this type of geometry is the ease with which
deposits can be built up at the nozzle exit. Therefore, it must be taken into
account in the careful hole design because otherwise, it would affect the spray
morphology. Thus combustion and emissions performance [94].

The effect of counterbore has been researched by Shost [94] through VOF-
LES simulations. In the study, two similar single hole nozzles were used,
one with counterbore and another without it keeping the same diameter and
length (L/D). The internal nozzle flow and the plume angle were found simi-
lar in both nozzles. Conversely, in the counterbore domain, it was observed a
spread of vorticity of the fuel jet into the neighboring air, which is probably
due to a combination of pressure disturbances and jet-induced air movement.
Additional visualization experiments and VOF-LES simulations using a differ-
ent three hole nozzle showed an apparent reduction of spray cone angle own to
the influence of the counterbore [85]. Payri et al. [95] studied step-hole effect
experimentally in diesel injectors, reporting that cone angle is increased and
spray penetration speed reduced with the counterbores, which was coherent
with GDI results. As stated previously, courterbore design must be performed
meticulously to avoid deposits but also it could be source of liquid droplets in
the nozzle tip, which could harm the emissions performance [70]. In the case
of the "Spray G" study injector, the present step-holes are relatively small to
accommodate all the orifices. Thus, strong interaction between the flow and
step-holes walls was found in internal nozzle flow simulations [96].

Other important geometrical characteristic of the nozzle holes is the conic-
ity. The nozzle orifices could be straight (cylindrical) or conical (tapered). It
has been extensively studied in diesel injectors, which showed that straight
nozzles are prone to cavitate because of flow separation at the inner edges,
to finally present lower discharge coefficients. Nevertheless, cavitation can
be helpful for cleaning possible deposits in the orifices in addition to pro-
mote atomization [97]. On the other hand, GDI nozzle holes are generally
straight as this benefits the spray break up. Befrui et al. [91] and Shost [94]
analyzed the influence of conicity on GDI nozzles performance, comparing a
straight orifice with a tapered one. It was confirmed the similar trend that
was already investigated in diesel nozzles (tapered holes decreased the cavita-
tion and flow separation). For the GDI nozzles it was observed that tapered
nozzle presented discharge coefficient significantly higher than straight noz-
zles (Cy =~ 0.9, compared with Cy ~ 0.6 for the straight one). Nevertheless,
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the almost nonexistent flow separation produced less instabilities in the flow,
resulting in an undesirable longer break up length.
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Figure 2.17: Slide comparing both injector orifices [98].

As we have seen so far, the nozzle geometry strongly influences the de-
velopment and behavior of the fuel flow inside and outside of the injector.
Therefore, for a proper investigation of the nozzle performance, is necessary
to have reliable information of the final nozzle shape, especially for the CFD
analysis. There are several approaches to measure nozzle geometry. Optical
microscope could be used to take measurements of the orifices from outside,
like counterbore and inner hole diameter, albeit it is very challenging to mea-
sure the diameter and not its projection. Other approach exposed by Macian
et al. [99] is to use silicone mold to make a negative of the orifices, which
is later gold coated to be seen by the Scanning Electron Microscope (SEM).
This methodology was applied in the Spray G nozzles to successfully obtain
the detailed geometry [60]. Nevertheless, this approach is difficult to asses
in injectors whose nozzle can not be removed, then only cutting the injector
would provide the nozzle to proceed. Moreover, the final silicon mold is often
hard to homogeneously coat, which could result in imperfections and errors
in the later SEM pictures.

A third approach to measure nozzle geometry is by x-rays tomography.
Manin et al. [100] employed a commercial x-ray source to obtain nozzle ge-
ometry from same Spray G injector. It was reported acceptable resolution
in the areas of the counterbore where the metal was not thick (the x-rays
have to go through less metal), though the contrast was weaker in the nozzle
seat and inner holes(more metal to go through). Matusik et al. [101] used
x-rays, however, it was a stronger and continuous beam in the installations
of the Advance Photon Source at Argonne National Laboratory. This greater
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energy x-rays allowed a high-resolution tomography of the same injector, re-
sulting in a stronger contrast images and increased pixel resolution even in
the inside nozzle regions like the needle seat. The nozzle model was easier to
obtain due to the increased differentiation between metal and air and a pixel
resolution of 1.17 pum, which even showed the surface imperfections as shown
in Figure 2.18. Strek et al. [102] used the same beam source to measure the
density projections of near nozzle flow and compared them with Eulerian in-
ternal simulations. Matusik et al. [103] also applied the same methodology to
eight Spray G nozzles to assess the effect of small geometrical variability in key
nozzle dimensions and correlate those with time-resolved projected density of
the injectors.

Shahangian et al. [98] used the same methodology on the PIU injector,
However, they performed a surface smoothing because of many artifacts in the
geometry. Figure 2.19 show the final geometry employed for their simulations.

Figure 2.18: Iso-surface, showing Surface finish and internal geometry of one of the
Spray G nozzles [101].

Figure 2.19: Iso-surface of the PIU nozzle. Light weight Geometry after applying
surface smoothing [98].
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2.6 Cavitation and Flash Boiling

Cavitation is a phenomenon in which there is a formation of small vapor-filled
cavities due to sudden changes of pressure in a liquid. It plays an important
role in GDI nozzles due to several factors, such as the geometry of the ori-
fices (straight and short or inversely tapered [98]), low needle lift and finally
because they atomize low vapor pressure fuels (gasoline, ethanol, and various
mono-component fuels used for research purposes like iso-octane, n-heptane,
n-hexane or pentane among others). The cavitation number (CN) is intro-
duced to describe the potential initiation and development of cavitation in a
flow, stated in Equation 2.3 [104]. Where Pj,; is the injection fuel pressure,
P, is the pressure in the discharge chamber and P, is the vapor pressure of
the liquid fuel.

Py — P,

N =
¢ P, — P,

(2.3)

The cavitation number have been first thoroughly studied in Diesel noz-
zles [97, 105-108], and the ratio represent the forces supporting to the ones
opposing cavitation. Bode et al. [109] employed diesel injectors to expose the
limit between cavitating and non-cavitating flow through a critical CN, which
was found to be around 5. Nonetheless in later study, Arcoumanis et al. [105]
determined that the onset of cavitation was around 2 in diesel injectors. For
GDI injectors, however, CN values are located around another much lower
range. Gilles-Birth et al. [110] studied two GDI nozzles, finding noticeable
lower cavitation numbers and that critical CN is dependent of the holes drill
angle. It was found a critical CN of 0.81 for the nozzle with 50° (N50) and
0.64 for the one with 45° (N45), whose values are compared with two diesel
injectors (from several authors) in Figure 2.20. The image depicts low critical
CN values in the GDI nozzles in the whole domain, which the authors indicate
is due to the fact that they are continuously in cavitation regime, and only the
type of phenomena (string cavitation, bubbles, and super-cavitation) changes
depending on the condition. One important conclusion from this work is that
cavitation in this type of nozzles is highly dependent on the drill angle, being
more severe for lower drill angle nozzle.

Other phenomenon that can appear during gasoline engine operation is
flash boiling. It occurs when a liquid (in this case fuel) is injected into a
volume, where the discharge pressure is lower than the saturation vapor pres-
sure of the liquid (at that temperature). Flash boiling is a growing topic in
gasoline direct injection research, and it takes place when injecting at the
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Figure 2.20: Comparison of the critical cavitation number for diesel injectors and two
GDI nozzles with drill angles of 50° and 45° . Adapted from [110].

intake-stroke which creates vacuum (sub-atmospheric pressures) inside the
cylinder. That sudden pressure change below its corresponded vapor pressure
makes a super-heated liquid. For a regular (non-flashing) injection, the dis-
charge chamber conditions are such that the fuel does not go through phase
change but experienced primary and secondary atomization while exiting the
nozzle. Figure 2.21 illustrates in a pressure-enthalpy diagram the states for
the flash boiling injection. The initial compressed liquid fuel (1) experiences
an adiabatic expansion process while going through the nozzle orifice. When
the liquid accelerates and enter the meta-stable region (2-3), vapor nuclei form
and grow, peaking on the liquid spinodal curve (3). At that point the liquid
can be superheated without evaporation [111]. Beyond that point the liquid
phase becomes unstable, and the phase change into gas develops promptly.
Finally, the spray atomization completes the flashing phenomena. In conclu-
sion, flash boiling is identified as a rapid phase change process which can be
favorable to fast atomization and evaporation of the fuel spray in the cylinder.

There is a substantial amount of research in flash-boiling conditions in
gasoline engines, and mostly in the last decade due to the development of
GDI [87, 114-125]. Moulai et al. [117] employed a long distance microscope
lens to look at the near nozzle flow and asses the interaction between step-hole
wall and the liquid flow. It was noticed the plumes expansion was greater at
flashing conditions, increasing their angle and interaction with other plumes
besides nozzle wall and tip. Saha et al. [118] and Baldwin et al. [115] researched
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Figure 2.21: Representation of a conventional injection and one under Flash Boiling
conditions in a pressure-enthalpy diagram. Adapted from [112, 113].

the vapor generation because of cavitation and flash boiling in internal flow
through LES simulations. They found that the plumes angles and the droplets
velocity increased when at flash boiling operation. Guo et al. [120, 125] also
observed wide spray plumes in flashing conditions when visualizing the exter-
nal spray through MIE scattering technique. The strong plume interaction
can led to the collapse of the sprays into a big single one, as observed in other
studies [119, 126]. Spray collapse could occur as well at high ambient density
condition, though the trigger and development mechanism are different [100,
120].

One parameter to measure the degree of superheated fuel is the relation
between the ambient pressure over the saturation pressure at that fuel tem-
perature, showed in Equation 2.4 [122].

Psat(f(Tf))

R, =
P Pamb

(2.4)

Essentially, two flashing regimes has been identified according to the lo-
cation of the radial expansion, which are called internal and external flashing
[113]. It has been reported that external flashing occurs at relatively low R,
while internal flashing occurs at relatively high R, [127, 128].

However, it does not always describe well the fuel jet, as reported by Guo
et al. [123]. They found that for sub-cooled and transitional regions where
R, < 3.3 there is good relation between R, and spray width, which represent
the radial expansion. However, for R, > 3.3 the jet width is different for
similar [?,. The radial expansion is a parameter that tries to explain the
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spray collapse [125]. At high super-heated levels, the interaction between
under-expanded flashing jets make them deflect towards each other, which
ends up merging into one jet moving along the central axis resulting in spray
collapse. It is ascribed to the pressure drop in the central area between the jets.
Li et al. [129] demonstrated that the collapse of multi jet flash boiling sprays
was induced by vapor condensation at the nozzle exit. It stated that nozzle
configuration plays a major role in the possibilities of developing spray collapse
or not. Guo et al. [120] observed two spray collapses types due to different
spray conditions and both related with radial expansion. At elevated ambient
pressure the spray collapse occurred in the near field whereas under flash
boiling conditions the collapse occurred in the far field. It was reported that
the near field collapse at elevated ambient pressure occurred due to the low
pressure zones of the surrounding high speed jets. The collapse at flash boiling
conditions was attributed to the low pressure zone caused by the temperature
drop and vapor condensation.

Since the flash boiling is related to the bubble formation and evaporation in
the jet. Through the nucleation rate it could be explained the radial expansion
[122]. In the classical nucleation theory, the rate of nucleation (J) could be

expressed as:
| 20 AG*
J — - 2.5
X Wmexp ( kBTfuel> ( )

where m is the liquid molecular mass, o is the surface tension, AG* is the
free energy barrier and kp is the Boltzmann constant. For this case, the free
energy barrier for homogeneous nucleation can be described as:

16702, o3
G'=—"— 2.6
TN (2.6)
where Ap = kpTtyeln(Ry) is the chemical potential difference between
the liquid and vapor phases, then v,, = m/(p;N4) is the specific volume of
liquid state, in which p; is the liquid density and N4 is the Avogadro constant.

Guo et al. [122] found that there was a relation between the spray width
and the exponent of Equation 2.5 (which they called X), since it mostly
determines the nucleation rate. They reported two different stages, the first
one where the spray width increases with X9 and the second where it
becomes less sensitive. The second stage level is much related to the fuel
temperature as it can be observed in Figure 2.22. They state that in the
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first stage the radial expansion is governed by the nucleation rate while in the
second by the thermal energy for vaporization.
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Figure 2.22: Spray width versus X 5 at 1 mm from the nozzle exit [122].

These studies are reviewed further in chapter 6 while introducing the re-
sults from this work reporting the characterization of the external spray of
both nozzles.
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