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“... Così preziosa come il vino
Così gratis come la tristezza

Con la tua nuvola di dubbi e di bellezza. ”

Fabrizio De André, 1981.
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Abstract

The adoption of direct injection systems in internal combustion engines seems
to be a proficient way to reduce tailpipe pollutant emissions, fuel consump-
tion and enhance vehicles performances. Indeed, in the last decades the ever-
increasing concerns about the environmental pollution and the green-house
effect demonstrate the absolute necessity to achieve, among the many human
activities, a sustainable mobility too. In this scenario many solutions have
been developed to enhance the environmental performance of the vehicles.
The hybrid or fully electric vehicles alone are not the solution of this issue, at
least in the short period. Consequently, the author decides to investigate in-
ternal combustion engines and, in particular, injection processes performed
directly in combustion chamber. Direct injection, established practice in com-
pression ignition engines, is challenging to be implemented in spark ignition
engines due to the intrinsic nature of the latter but allow meeting the lat-
est rules about pollutant emissions. Latest advancement in the field of fluid
dynamic simulations and of experimental non-invasive optical techniques al-
low to deeply analyze injection processes and effectively adopt them in com-
mercial vehicle. Therefore, in this work the concept of direct injection was
intensively studied and declined for liquid and gaseous fuels. At the first cat-
egory belong Gasoline Direct Injection (GDI) engines which are a promising
technology that is giving a new life to gasoline engines. Thermal efficiency
enhancement and engine downsizing are the key improvement achievable.
Special attention will be paid to flash boiling sprays in GDI engines that is
a topic of great scientific interest in the last years and a phenomenon capa-
ble to improve GDI technology. Among the gaseous fuel Compressed Natu-
ral Gas (CNG) was chosen in this study. CNG compared with gasoline has
higher-octane number, higher hydrogen to carbon ratio, and lower energy-
specific CO2 emissions. Furthermore, it can be produced in renewable ways
and is more widespread and cheaper than conventional liquid fossil fuels. In
this regard, the direct injection of CNG engines can be considered a promis-
ing technology for highly efficient and low-emission future engines. The
jets produced by a single hole and a multi hole device were studied detail-
ing the characteristics of under-expanded structures present in supersonic
gaseous jets. A proper Computational Fluid Dynamic (CFD) method, featur-
ing high order scheme discretization, was developed and tested. The results
of the simulations have been validated by means of the experimental data
collected.
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Chapter 1

Introduction

1.1 License To Kill

“Man thinks ’cause he rules the earth he can do with it as he please
And if things don’t change soon, he will

Oh, man has invented his doom
First step was touching the moon

Now, there’s a woman on my block
She just sit there as the night grows still

She say who gonna take away his license to kill? ”

— License To Kill, Bob Dylan (Infidels - 1983)

The lyrics of this song, written by Bob Dylan in 1983, now sounds very
actual and meaningful. Man acquired like a license to shape the planet where
he lives to his pleasure without taking account the effect of such actions. In
some ways, as written in the lyrics, we can say that man acquired a"license to
kill" (Fig. 1.1).

In last century the worldwide ecosystem was undoubtedly modified by
the human activities. The dream of "..touching the moon" as the man’s belief to
be able to overcome every physic limit, to dominate the nature and bend its
behaviour for a continuous progress of anthropic activities are deeply false.
Just fifty years ago, venturing to the moon, for the very first time, we looked
back at our own planet and since then we are realizing as anthropic activities
are destroying different ecosystems all over the world and putting in dan-
ger the same human specie presence on the Earth. Climate change, wildlife
populations reduction and the presence of pollutant substances in the air, on
the fresh waters and on the earth are effects known to everyone and broadly
documented. For the first time in human history, the stability of nature can
no longer be taken for granted and what we will do in the next decades will
determine the future for all life on Earth.

In the last century, the concept of sustainability is gaining an increasing
importance because it identifies the capacity for the biosphere and human
civilization to co-exist on the Earth. Sustainability can be declined in dif-
ferent fields such as economy, environment and social life. This means that
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FIGURE 1.1: Does man has license to kill the Earth ?

almost all the human activities now must be performed accounting for their
environmental impact in order to enable the Earth to continue supporting
life. Unfortunately, this purpose has not completely achieved yet because it
involves turning upside down our life’s habits. However, increasing concern
around these problems, is bringing to small but significant changes. This
"revolution", I hope, will be accomplished in the coming decades otherwise
there won’t be life on Earth.

1.2 Man, Energy and Environment

Starting point of all human activities are the energy sources, without energy
nothing can be done. Our life is completely dependent from energy. We are
"energetic slaves". Man uses energy since the beginning of his history on
Earth, also to simply heat himself with a fire. Man learnt to transform energy
accordingly to his requirements but, in last decades, he is facing two great
problems: not all the energy sources are unlimited and the way he is using
energy is not sustainable. At the same time, the world population is ever
increasing and so the energy requirements too. Today the principal energy
resource that fuels our lives are fossil combustibles and their combustion.
We are bound to fossil resources in many ways: socially, technologically, eco-
nomically and politically but, at the same time, we know that we must break
this bond, definitely. Indeed it has been proved that if all the fossil resources
would be completely exploited the so called greenhouse effect would deeply
threats life on Earth.

In order to exploit the chemical energy contained in the fossil fuels we
must oxidize them. The combustion of such hydrocarbons produces, among
the others, carbon dioxide that is principal gas responsible of climate change
and, definitely, land and ocean temperature increase. The graph of Figures
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1.2 shows the variation in the average temperature of the planet compared to
the period 1850-1900.

FIGURE 1.2: Variation in the average temperature of the planet
compared to the period 1850-1900 [238].

Anthropogenic green house gases (GHG) emissions have increased since
the pre-industrial era, driven largely by economic and population growth,
and are now higher than ever. This has led to an increase in global surface
temperature of approximately one Celsius degree since pre-industrial times.
If warming reaches two degrees Celsius, more than seventy percent of Earth’s
coastlines will see sea-level rise greater than 20 centimetres, resulting in in-
creased coastal flooding, beach erosion, salinization of water supplies and
other impacts on humans and ecological systems [394].

Rather than proposing quantitative data or graphs already broadly dis-
cussed and everywhere available, there are many examples, unknown at the
most, that clarify what man is causing to natural world enhancing green-
house effect.

One of the greatest threats of marine ecosystem regards the coral reefs.
Coral reef’s bleaching is the result of increased sea surface temperature (Fig.
1.3). Bleaching occurs when prolonged increased sea temperatures cause a
breakdown in the relationship between the corals and their symbiotic zoox-
anthellae (algae). The coral subsequently expel the zooxanthellae, lose their
colour (bleaching) and become weak. Some corals are able to recover, often
with compromised immune systems, but in many cases they die [78]. Reefs
provide jobs for people in tourism industries, and they also protect coastal
areas from surging seas. But perhaps more importantly, 25% of fish species
spend some part of their life cycle in reefs, despite the fact that coral reefs
cover less than 1% of the ocean floor.

A new study based on careful analysis of ninth years of scientific catch
data from the South Atlantic Ocean shows that the geographic distribution
of Antarctic krill has contracted nearly 300 miles southward in concert with
ocean warming (Figure 1.4). Krill-free-swimming, shrimp-like crustaceans-
play a central role in Antarctica’s marine food web, transferring energy and
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FIGURE 1.3: Photo of a fire coral that experienced severe bleach-
ing in the 2016 mass bleaching event [23].

carbon from phytoplankton and zooplankton to fish, penguin, seals, and
whales. Changes in krill distribution are thus of considerable concern for
both oceans life and for commercial fishery interests [22].

FIGURE 1.4: Antarctic krill (Euphausia superba)

Across the world, we are losing tropical forest at the rate of nearly fifteen
million hectares every year. Land use changes, especially in the form of de-
forestation, are the second largest anthropogenic source of atmospheric car-
bon dioxide emissions, after fossil fuel combustion. Jungles store and capture
more carbon than any other habitat on land. They cool our planet, provide
food and medicines. But forests are, especially, the planet’s treasure trove
of diversity. We have now replaced up to twenty-seven million hectares of



1.2. Man, Energy and Environment 5

virgin jungle with a single species of tree. This is oil palm, one of the world’s
most productive crops. But these mono-cultures support only a fraction of
the diversity found in primary rain forests, and it is pushing many animals
to extinction.

FIGURE 1.5: The site of a palm oil plantation. On the left is a
lush tropical forest, but on the right, trees have been completely

cut off.

But our planet, if given the chance, is almost unbelievably resilient. Per-
haps the best proof we have of his ability to recover can be seen on the site
of one of our greatest disasters. Chernobyl. In 1986, one of the four reac-
tors at the Chernobyl nuclear plant exploded. It turned this utopian vision
of the future into a ghost town. Over one-hundred thousand people were
immediately evacuated, never to return. The fallout zone was declared unin-
habitable for the next twenty-thousand years. Yet despite the radiation, there
has been a remarkable recovery. Within only a decade, vegetation began to
germinate in the ruined city. And as the forest re-established itself, animals
began to appear. Within only 20 years, science has recorded populations of
animals similar to that in the wilder parts of Europe. The dramatic recolo-
nization of Chernobyl in the space of only 30 years is proof of natural world
extraordinary resilience.

Such deal demonstrates that it is not late to modify our life habits, to at-
tempt stopping climate change achieving a human-ecosystem equilibrium.
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FIGURE 1.6: A fox roaming in the Chernobyl’s ghost town
[364].

1.3 Energy and Mobility

Today our capitalistic society is gorged with energy, the amount worldwide
produced has to ever increase in order to power the economic growth. In this
kind of society the necessity of moving almost everything was born: people,
foods and goods are just few examples. Among the others, the transport
sector contributes to a large extent to global greenhouse gas emissions. Lat-
est data (Figure 1.7) demonstrate that approximately one third of the energy
produced in a year fuels mobility.

So, further than energy consumer, man became "transport consumer" too.
We live with the illusion of sparing time using more "horse-powers". The
need to gain time, through ever faster vehicles and a desirable optimization
of infrastructures, leads man away from the enhancement of his personal-
skills, assimilating him more and more to a consumer of time, energy and
transport rather than free citizen.

The geography of territories was modified by the needs of the transport
industry which, paradoxically, move away what it claims to bring together
through energy and infrastructures.

In this society the car, further than a tool for this race in "time sparing",
becomes an extension of man and a strong status-symbol. It performs a mere
(and useless) aesthetic function, certifying power and privilege.

Franco La Cecla, in the preface of [393], offers a relevant view of the car :

"Non è un caso che le auto oggi assomiglino sempre di più ad auto di
diplomatici o a veicoli da guerra. Presuppongono un paesaggio di paesi
bombardati da attraversare con vetri fumè. L’auto è oggi il disprezzo del
mondo là fuori, il poterne chiaramente fare a meno".
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FIGURE 1.7: Global greenhouse gas emissions by sector [124].

The world becomes the movie that runs behind the windows, in back-
ground, while our legs and arms are a prosthesis of the machine synony-
mous of progress and freedom. The car becomes a place where we spend a
significant part of our time. Even a place for having sex ! Immersed in this
synthetic and mechanical reality we do not realize what is outside, we do not
realize the pollution, we do not realize that this kind of mobility is a weapon
aimed at everything that is outside it. What to do?

1.4 From Growth to Degrowth

We live in an era of stagnation, rapid impoverishment of a vast part of the
population, growing inequalities, and socio-ecological disasters - from Kat-
rina, Haiti and Philippines, to Fukushima, the spill in the Gulf of Mexico, or
the burial of toxic waste in Campania, to climate change and the continuous
disaster of preventable deaths by lack of access to land, water, and food.

There is a failure, even by radical thinkers, to come up with new responses
that are not articulated around the twin imperatives of our society: growth
and development. If the desire for growth causes economic, social, and en-
vironmental crises, then growth cannot be the solution. Fortunately, alterna-
tives are springing up on the ground. They range from new forms of living,
producing, and consuming in common to new institutions that can secure
the livelihoods of all without growth. One of them can be synthesized in con-
cept of degrowth. Different people arrive at it from different angles. Some,
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because they see that there are limits to growth. Others, because they believe
we are entering a period of economic stagnation and we should find ways
to maintain prosperity without growth. Yet others because they believe that
a truly egalitarian society can only be one that liberates itself from capital-
ism and its insatiable pursuit of expansion, one that learns to collectively
limit itself and work without the calculus of self-interested utility. Degrowth
defies a single definition. Like freedom or justice, degrowth expresses an as-
piration which cannot be pinned down to a simple sentence. Degrowth is
a frame, where different lines of thought, imaginaries, or courses of action
come together. It is a network of ideas and conversations, strongly rooted in
the radical and critical traditions, but open-ended and amenable to multiple
connections. Degrowth signifies, first and foremost, a critique of growth. It
calls for the decolonization of public debate from the idiom of economism
and for the abolishment of economic growth as a social objective. Beyond
that, degrowth signifies also a desired direction, one in which societies will
use fewer natural resources and will organize and live differently than today.
Sharing, simplicity, conviviality, care and the commons are primary signifi-
cations of what this society might look like. Usually, degrowth is associated
with the idea that smaller can be beautiful. Degrowth signifies not only a
society with an equitable downscaling of production and consumption, but
more importantly, a society with a different structure and serves new func-
tions. In a degrowth society everything will be different: different activities,
different forms and uses of energy, different relations, different gender roles,
different allocations of time between paid and non-paid work, different rela-
tions with the non-human world. Degrowth connects diverse ideas, concepts
and proposals having, at the same time some, key-points. The first is the crit-
icism of growth [87]. Next is the criticism of capitalism, a social system that
requires and perpetuates growth. Two other strong currents in the degrowth
literature are, first, the criticism of Gross Domestic Product (GDP), and sec-
ond, the criticism of commodification, the process of conversion of social
products and socio-ecological services and relations into commodities with a
monetary value. However, degrowth is not limited only to criticism. On the
constructive side, the degrowth imaginary centres around the reproductive
economy of care, and the reclaiming of old and the creation of new commons.
Caring in common is embodied in new forms of living and producing, such
as eco-communities and cooperatives and can be supported by new govern-
ment institutions, such as work-sharing or a basic and maximum income,
institutions which can liberate time from paid work and make it available
for unpaid communal and caring activities. Degrowth is not the same as
negative GDP growth. Still, a reduction of GDP, as currently counted, is a
likely outcome of actions promoted in the name of degrowth. A green, car-
ing and communal economy is likely to secure the good life, but unlikely to
increase gross domestic activity two or three per cent per year. Advocates of
degrowth ask how the inevitable and desirable decrease of GDP can become
socially sustainable, given that under capitalism, economies tend to either
grow or collapse. In the minds of most people, growth is still associated with
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an improvement, or well-being. Because of this some progressive intellectu-
als take issue with the use of the word degrowth. It is inappropriate, they
claim, to use a "negative word" to signify desired changes. However, the use
of a negation for a positive project aims precisely to decolonise an imaginary
dominated by a one-way future consisting only of growth. It is the auto-
matic association of growth with better that the word "degrowth" wants to
dismantle. For degrowthers it is the unquestionable desirability of growth in
the common sense that needs to be confronted if a discussion for a different
future is to open up [196]. Degrowth is a deliberately subversive slogan. Of
course some sectors, such as education medical care, or renewable energy,
will need to flourish in the future, while others, such as dirty industries or
the financial sector shrink.

"Development", even if it were to be cleaned of its heavy historical mean-
ing, or beautified with adjectives such as balanced, local or sustainable, is a
problematic keyword. The word suggests an unfolding towards a predeter-
mined end. An embryo "develops" into a mature adult, who then ages and
dies. A premise of modern liberal societies, however, is the denial of any
ultimate collective end as well as the denial of anything but ascent. Develop-
ment becomes self-referential: development for the sake of development, the
unfolding of a predetermined, not-to-be-questioned arrow of progress with
no end in sight. A frequent criticism to the degrowth proposal is that it is
applicable only to the overdeveloped economies of the Global North. The
poorer countries of the Global South still need to grow to satisfy basic needs.
Indeed, degrowth in the North will liberate ecological space for growth in the
South. Poverty in the South is the outcome of the exploitation of its natural
and human resources at low cost by the North. Degrowth in the North will
reduce the demand for, and the prices of, natural resources and industrial
goods, making them more accessible to the developing South.

In a degrowth society we would aspire to localise our economies as far
and as appropriately as possible. This would assist with reducing carbon-
intensive global trade, while also building resilience in the face of an uncer-
tain and turbulent future.

Through forms of direct or participatory democracy we would organise
our economies to ensure that everyone’s basic needs are met, and then redi-
rect our energies away from economic expansion. This would be a relatively
low-energy mode of living that ran primarily on renewable energy systems.

Renewable energy cannot sustain an energy-intensive global society of
high-end consumers. A degrowth society embraces the necessity of "energy
descent", turning our energy crises into an opportunity for civilizational re-
newal.

We would tend to reduce our working hours in the formal economy in ex-
change for more home-production and leisure. We would have less income,
but more freedom. Thus, in our simplicity, we would be rich.

Wherever possible, we would grow our own organic food, water our gar-
dens with water tanks, and turn our neighbourhoods into edible landscapes
as the Cubans have done in Havana. Community gardens can help achieve
sufficiency. We do not need to purchase so many new clothes. Let us mend or
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exchange the clothes we have, buy second-hand, or make our own. In a de-
growth society, the fashion and marketing industries would quickly wither
away. A new aesthetic of sufficiency would develop, where we creatively
re-use and refashion the vast existing stock of clothing and materials, and
explore less impactful ways of producing new clothes.

We would become radical recyclers and do-it-yourself experts. This would
partly be driven by the fact that we would simply be living in an era of rela-
tive scarcity, with reduced discretionary income.

But human beings find creative projects fulfilling, and the challenge of
building the new world within the shell of the old promises to be immensely
meaningful, even if it will also entail times of trial. The apparent scarcity of
goods can also be greatly reduced by scaling up the sharing economy, which
would also enrich our communities.

One day, we might even live in cob houses that we build ourselves, but
over the next few critical decades the fact is that most of us will be living
within the poorly designed urban infrastructure that already exists. We are
hardly going to knock it all down and start again. Instead, we must "retrofit
the suburbs", as leading permaculturalist David Holmgren argues [146]. This
would involve doing everything we can to make our homes more energy-
efficient, more productive, and probably more densely inhabited.

This is not the eco-future that we are shown in glossy design magazines
featuring million-dollar "green homes" that are prohibitively expensive.

Degrowth offers a more humble and more realistic vision of a sustainable
future.

A degrowth transition to a steady-state economy could happen in a vari-
ety of ways. But the nature of this alternative vision suggests that the changes
will need to be driven from the "bottom up", rather than imposed from the
"top down".

But it is critical to acknowledge the social and structural constraints that
currently make it much more difficult than it needs to be to adopt a lifestyle
of sustainable consumption.

Actions at the personal and household levels will never be enough, on
their own, to achieve a steady-state economy. We need to create new, post-
capitalist structures and systems that promote, rather than inhibit, the sim-
pler way of life. These wider changes will never emerge, however, until we
have a culture that demands them. So first and foremost, the revolution that
is needed is a revolution in consciousness.

In this context the role of scientific world and, in particular, of the engi-
neering is central. As defined by San Bernardo the engineers are who:

Sed sunt qui scire volunt ut edificent:
et charitas est.

This willingness of the "knowing for creating" must be make available to the
humanity for solving this huge problem of nowadays.



1.5. "Energie et Equitè" (Elogio alla bicicletta) 11

1.5 "Energie et Equitè" (Elogio alla bicicletta)

The ideal of economic "degrowth" regards all the aspects of our society and,
in particular, the mobility sector too. The philosopher Ivan Illich in his work
"Energie et equite" [155] develops a praise to the bicycle and its environmen-
tal prerogatives. It is has a low cost and generates enormous creativity with-
out false expectations in a measured context of energy consumption, between
shortage and abundance.

Man on a bicycle can go three or four times faster than the pedestrian,
but uses five times less energy in the process. He carries one gram of his
weight over a kilometre of flat road at an expense of only 0.15 calories.
The bicycle is the perfect transducer to match man’s metabolic energy to
the impedance of locomotion. Equipped with this tool, man outstrips the
efficiency of not only all machines but all other animals as well.

...

Bicycles are not only thermodynamically efficient, they are also cheap.
With his much lower salary, the Chinese acquires his durable bicycle in
a fraction of the working hours an American devotes to the purchase of
his obsolescent car. The cost of public utilities needed to facilitate bicycle
traffic versus the price of an infrastructure tailored to high speeds is
proportionately even less than the price differential of the vehicles used
in the two systems. In the bicycle system, engineered roads are necessary
only at certain points of dense traffic, and people who live far from the
surfaced path are not thereby automatically isolated as they would be if
they depended on cars or trains. The bicycle has extended man’s radius
without shunting him onto roads he cannot walk. Where he cannot ride
his bike, he can usually push it.

...

The bicycle also uses little space. Eighteen bikes can be parked in the
place of one car, thirty of them can move along in the space devoured by
a single car. It takes three lanes of a given size to move 40,000 people
across a bridge in one hour by using automated trains, four to move
them on buses, twelve to move them in their cars, and only two lanes for
them to pedal across on bicycles. Of all these vehicles, only the bicycle
really allows people to go from door to door without walking. The cyclist
can reach new destinations of his choice without his tool creating new
locations from which he is barred.

Bicycles let people move with greater speed without taking up significant
amounts of scarce space, energy, or time. They can spend fewer hours
on each mile and still travel more miles in a year. They can get the
benefit of technological breakthroughs without putting undue claims on
the schedules, energy, or space of others. They become masters of their
own movements without blocking those of their fellows. Their new tool
creates only those demands which it can also satisfy. Every increase in
motorized speed creates new demands on space and time. The use of
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the bicycle is self-limiting. It allows people to create a new relationship
between their life-space and their life-time, between their territory and
the pulse of their being, without destroying their inherited balance. The
advantages of modern self-powered traffic are obvious, and ignored. That
better traffic runs faster is asserted, but never proved. Before they ask
people to pay for it, those who propose acceleration should try to display
the evidence for their claim.

The solution proposed by Illich maybe could be not properly realistic but,
offers food for thoughts. Our society have to re-think the concept of mobil-
ity and, only after that, how to perform such activity. Ad example our cities
are full of cars circulating with almost always no passengers, only the driver
[288] and so the spontaneous question is: Is it necessary to move one thou-
sand kilogram of steel to carry just eighty kilos of a person? Can we done it,
definitively, in a more sustainable way?

Such example wants to highlight the fact that a sustainable mobility sys-
tem must arise, first of all, from a new ethic. The technological advancements
of the vehicles, alone, cannot be the solution of the mobility problem. At the
opposite, the vehicles of nowadays are the result of hundred years of de-
sign research and improvements lately aiming to achieving an ever minor
environmental impact. In this scenario, the scientific research in the field of
vehicle design merged together with this new environmental preservation
awareness will be likely the unique trump card for a gradual transition to a
new conception of mobility and, in general, a new society.

1.6 Atmospheric Pollution and Mobility

Anthropogenic activities and especially the mobility sector, further than be-
ing responsible of GHG emissions, produce the so called atmospheric pollu-
tion too. According to data reported by the European Environment Agency
(EEA), the incidence of the transport sector on the total emissions of the main
air pollutants is far from negligible, as evident from Figure 1.8.

The presence of such substances in air produces harmful effects on human
health and the environment. These contaminants are usually not present in
the normal composition of the air or, at most, with low concentrations. Air
pollution poses a serious threat to health and the earth’s climate. According
to the World Health Organization (WHO), air pollution is responsible for
approximately 4.2 million deaths per year due to hearth stroke, respiratory
diseases and lung cancer [113].

As shown in Figure 1.9, according to the WHO, in the 2012 approximately
12.6 million people (equal to 22.7% of all deaths) died as a result of living or
working in unhealthy environments. Taking into account both death and
disability (Disability-adjusted life year), the overall disease rate is 21.8%. At-
mospheric pollution has also natural sources such as volcanic eruptions and
wildfires but the major contributors are the anthropogenic activities. In this
context, the focus will be exclusively on urban pollution, caused by the com-
bustion of fossil fuels in industrial processes and mobility. Unlike GHG,
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FIGURE 1.8: Impact of the transport sector on the emission of
pollutants. [108].

FIGURE 1.9: Mortality rate due to environmental pollution.
[113].

which can remain in the atmosphere for tens to thousands of years, these
substances disperse in small spaces and very short times. Pollutants can be
classified as primary or secondary. Examples of primary pollutants are the
carbon monoxide gas emitted from motor vehicle exhausts or sulphur diox-
ide released from factories. On the opposite secondary pollutants, rather
than being directly-emitted, form in the air when primary pollutants react
or interact. Ground level ozone is a prominent example of a secondary pol-
lutant.

The main polluting species, the causes of their emission and the effects on
both human health and the environment are listed below:

• Sulphur oxides (SOx): the sulphates present in the soil are absorbed as
food by plant species and remains trapped in most of the fossil fuel.
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Sulphur oxides, products of combustion reactions, can lead to the for-
mation of sulphuric acid which is the main responsible of acid rain.
Furthermore, given the high solubility in water, sulphur oxide is easily
absorbed by the mucous membranes of the nose, causing respiratory
problems for man; it also irritates skin and eyes.

• Nitrogen oxides (NOx): products of combustion processes, especially
linked to vehicular transport, thermoelectric power plants and domes-
tic heating. Molecular nitrogen (N2) is naturally present in large quan-
tities in the atmosphere and is practically inert under normal condi-
tions; however, at high temperature, it reacts with oxygen dissociating.
Approximately 90-95% of nitrogen oxides resulting from combustion
processes are nitrogen monoxides, but similarly to sulphur, other types
of nitrogen oxide can also be formed, such as nitrogen dioxide (NO2).
Both monoxide and nitrogen dioxide are harmful to humans and can in-
crease the incidence of respiratory diseases and cause changes in lung
cells and tissues. From an environmental point of view, nitrogen oxides
considerably contribute to the formation of ozone (O3).

• Carbon monoxide (CO): it is an odourless and colourless gas which
is released as a result of incomplete combustion of all substances con-
taining carbon. It is emitted as a result of fires and volcanic eruptions,
but above all as a result of combustion processes of anthropogenic ori-
gin, especially those relating to transport sector. Carbon monoxide is a
hemotoxin: by binding to the iron ion in the hemoglobin of the blood it
forms a complex, called carboxyhemoglobin, which hinders the trans-
port of oxygen in the blood, making it particularly harmful to individ-
uals with heart and lung diseases.

• Ozone (O3): it is a typical secondary pollutant result of photochemical
reactions in the troposphere between atmospheric oxygen and other
pollutants (nitrogen oxides, hydrocarbons and aldehydes). It is nat-
urally present in the stratosphere, where it plays the essential role of
absorbing ultraviolet light, while can cause lung diseases in humans if
present in the troposphere. Being a powerful oxidant, it can corrode
metals.

• Un-burnt hydrocarbons (HC): they are produced by the incomplete
combustion of organic material, therefore emitted by vehicles and ther-
moelectric power plants. Some of the un-burnt hydrocarbons are car-
cinogenic; while the ones characterized by greater toxicity belong to the
family of aromatic hydrocarbons (eg benzene).

• Solid particulate matter (PM): consists of all the very small particles,
solid or liquid, dispersed in the atmosphere. Particulate matter is clas-
sified according to the diameter of the particles: PM10 consists of coarse
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particles with a diameter up to 10 10 µm while PM2.5, or fine dust, in-
cludes all fine particles with a diameter up to 2.5 µm. Most of the partic-
ulate matter has anthropogenic origin: it is emitted directly into the at-
mosphere as a primary pollutant from industrial plants, vehicle exhaust
systems, construction sites and wood combustion processes. It can
originate as a secondary pollutant as a result of chemical transforma-
tions and condensation of the primary gaseous pollutants.Considered
the very small size, particulate matter, is the most dangerous because it
can penetrate the filters of the human respiratory apparatus and reach
the lungs;

It follows that the concept of sustainability must be declined also in terms of
air pollution. All the human activities must be performed taking into account
of their impact also in these terms. In last years, thanks to energy policies,
the use of renewable sources for energy production and the development
of technologies for polluting species abatement, the emission of pollutant
substance has been reduced.

1.7 The Future of Internal Combustion Engine

The research and development in the field of vehicle design is ruled by the
ever stringent tailpipe emission regulations. Worldwide vehicles manufac-
turer must respect the set of standards on pollutant emissions called, ad ex-
ample in UE states, Euro (followed by an Arabic number for the light duty
vehicles or a Roman number for the heavy duty ones).

To ensure compliance with the imposed values, European legislation in-
volves pollutants measurement on a reference cycle carried out on a roller
bench: the car is put into operation on rollers simulating the tire-road con-
tact by means of the roller-rubber contact. Until 2018 the reference cycle was
the “New European Driving Cycle” (NEDC) but now, in order to establish a
homologation cycle that was more representative of real driving conditions,
the NEDC was replaced by the "Worldwide Harmonized Light Vehicles Test
Procedure" (WLTP). This new homologation procedure, in addition to being
of longer duration, both in terms of distance and test time, also includes road
tests, i.e. in real driving conditions (“Real Driving Emission” - RDE). Euro 6d,
last regulation today active, among the others, limits CO2 emissions of new
cars to 95 g/km by 2021. Those limits are very stringent; for their achieve-
ment the car manufacturers have had, over the years, to adapt the engines
and the devices for the abatement of polluting species to the exhaust. An
idea of the importance for car manufacturers of respecting such normatives
can be understood from words of Kia Europe’s Artur Martins: "The fine for
1g over your target is 95 emultiplied by all of your volume. For Kia that’s
500,000 cars. So almost a 50emillion fine for 1g over the limit!" It follows that
the bigger the miss, and the bigger the volume, the more a car maker will
have to pay.

Forecast provided by PA Consulting, shown in Figure 1.10, demonstrate
that many car makers likely will miss this target.
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FIGURE 1.10: Many car makers will struggle to hit 95g/km fleet
average CO2 by 2021, warns PA Consulting.

The rise of the SUV, and the fall of the diesel engine are the responsible
of such situation. SUVs are taller, less aerodynamic and heavier than con-
ventional cars, so emit more carbon. Concurrently, negative publicity for
compression-ignition engines led to a collapse in registrations without tak-
ing into in account that the high efficiency of such technology limits carbon
dioxide emissions.

Nowadays the key technology for transport of people and goods is the
internal combustion engine (ICE). Internal combustion engine (ICE) is rela-
tively simple, reliable and has high power-to-weight ratio but, now, facing
the already mentioned issues, his prominence cannot taken for granted. Var-
ious forms of electric and hybrid vehicles are foreseen being the future of
transport sector in order to hit the aforementioned targets.

Electric vehicles (EVs), for definition, are equipped with electric propul-
sion systems and are classified in three categories: battery electric vehicles
(BEVs), hybrid electric vehicles (HEVs), and fuel-cell electric vehicles (FCEVs).

Technical Committee 69 (Electric Road Vehicles) of the International Elec-
trotechnical Commission proposed the definition of hybrid electric vehicles
(HEVs) as vehicles in which propulsion energy is available from two or more
kinds or types of energy stores, sources or converters and at last one of them
can deliver electrical energy.

In the next decade, as forecasted by JP Morgan [98] (Fig. 1.11), inter-
nal combustion engine vehicles (ICEVs) will continue to maintain a relevant
share of the market but not as today: in 2025 pure-ICE vehicles will have
around 70% share, falling to around 40% by 2030.

At the same time, the growth in battery electric vehicles (BEVs) and hy-
brid electric vehicles (HEVs) is climbing and by 2025, BEVs and HEVs will
account for an estimated 30% of all vehicle sales. Comparatively, in 2016 just
under 1 million vehicles or 1% of global auto sales came from plug-in electric
vehicles (PEVs). By 2030, J.P. Morgan estimates this will rise close to a 18%
market share. While this jump is significant, it doesn’t compare to the kind
of growth expected in hybrid electric vehicles. This sector is forecast to swell
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FIGURE 1.11: Driving into 2025:The Future of Electric and ICE
Vehicles [98].

from just 3% of global market share to more than 25 million vehicles or 41%
of global sales over the same period. Looking at this data it appears clear
that ICE will not die but it will have a new life, not uniquely alone as today
happens in traditional vehicles, but also within a more complex propulsion
system presents in HEVs.

Electric vehicles are regarded as having the potential to lower emissions
in the mobility sector and comply with the emissions standards. However,
Life Cycle Analysis (LCA) and Well-to-Wheel analysis demonstrated how
this statement is not completely true and, furthermore, highlight as high costs
might hinder their market development.

From cradle-to-grave emissions of three German ICE vehicles and its BEVs
counterpart were compared by [47] and reported in Figure 1.12. The BEVs
emissions are strongly dependant on the form of the electricity production,
for this reason three scenario were considered bringing to different emission
levels:

• Scenario 1-optimistic: assumes a quick switch from fossil to renewable
energy sources.

• Scenario 2-pessimistic: predicts a high CO2 intensity in the German
grid.

• Scenario 3: assumes electricity production only from renewable energy
sources.

Considering the optimistic scenario 1 of electricity production, BEVs shows
an emission reduction of around 35% nowadays (Fig. 1.12). This relative
benefit remains roughly constant until year 2030. Accordingly to scenario 2
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FIGURE 1.12: Production and operation emissions of three Ger-
man ICE vehicles and its BEVs counterpart. [47].

of electricity production, the yet still existing BEVs advantage of 20% but, in
long term view, it turns in an ICE advantage up to 9% (Fig. 1.12). This devel-
opment is explained by the fact that ICE increase in efficiency, the electric grid
decarbonisation however does not take place in scenario 2. A non-surprising
clear advantage for BEVs results in consideration of the scenario 3.

The CO2 emissions of ICEVs, and BEVs are dependent on the regions
as well as the CO2 emissions of battery production [173]. Literature studies
suggested that BEVs is not only solution for reducing CO2 emissions globally,
but it is important for car manufacturers to introduce ICEVs as well as BEVs
to each region in consideration of electricity mixes. Figure 1.13 reports the
calculation results of total life cycle CO2 emissions for five regions (a - EU, b
- Japan, c - US, d - China and e - Australia) and for gasoline ICE (GE), diesel
ICE (DE) and BEVss.

The results indicate that the emissions amounts significantly vary by re-
gion and an important increment of CO2 emissions is due to the battery re-
placement after 160.000 km. Furthermore the different assumption for the
different regions bring break-even point sensible variation.

The comparison of Total Cost Ownership (TCO) of electric and reference
ICE vehicles demonstrates that ICE today face an advantage of 15–20% [47].
Regarding the annual break-even distance, as shown in Figure 1.14, it is
roughly equal to 20000 km [47]. The U.S. Department of Transportation’s
Federal Highway Administration states the average person drives around
21000 km every year. It follows that customers does not have great economic
advantages in choosing electric propulsion vehicles. Such deals demonstrate
how, in the near future, electric vehicles cannot be the unique technology
for achieving a sustainable mobility. ICE alone, in pure-combustion vehicles,
or together with electric unit in hybrid vehicles, will remain present. The
research and development cannot be abandoned. Besides, with the ever in-
creasing share market of HEVs, enhancement of ICE propulsion system can
be exploited in this kind of vehicles too.
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FIGURE 1.13: CO2 emissions during life cycle for GE, DE and
BEVs. (a) European Union (EU); (b) Japan; (c) US; (d) China; (e)

Australia. [173].

FIGURE 1.14: Mobility costs as a function of annual driving.
[47].
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1.8 Internal Combustion Engine: New Frontiers of
Research and Development

In this scenario the research in field of ICEVs design is directed towards
the attainable improvement in brake-specific fuel consumption and tailpipe
emission reduction, with the final aim of decreasing the environmental im-
pact.

ICE can be classified according to the combustion process triggering into:

• Spark ignition engines (SI): a mixture of air and fuel is ignited by a
spark-plug, generating a rather rapid combustion. They are also called
Otto engines and usually work with gasoline fuel;

• Spark ignition engines (CI): the combustion is triggered, under certain
pressure and temperature conditions, by the self-ignition of the air/fuel
mixture. A slower and more gradual combustion process. They are also
called Diesel cycle engines because they operate with diesel fuel;

The main pollutants produced in a spark ignition engines are carbon monox-
ide (CO), unburnt hydrocarbons (HC) and nitrogen oxides (NOx).

Carbon monoxide arises as a result of the incomplete oxidation of hydro-
carbons and the partial dissociation of the carbon dioxide formed at high
temperatures. The principal engine parameter that affects the concentration
of CO in the exhaust gases is the air-fuel ratio: it increases with the enrich-
ment of the fuel mixture and decreases for poor mixtures.

The causes that lead to the formation of un-burnt hydrocarbons are var-
ious. The flame front does not arrive in crevices and interstices (such as
those between the cylinder, piston and piston rings) leaving un-burnt sub-
stances. Sometimes the flame front stops before having ignited all the charge
or the candle is not even able to ignite the mixture (misfire) which is then dis-
charged together with the burnt gases of the other cycles. The mixture ratio
and the ignition advance influence the concentration of HC. It decreases as
the air / fuel ratio increases, because the amount of oxygen available to ox-
idize the fuel increases, but for too low equivalence ratios the HCs increase
because there is partial combustion or misfire due to excessively low speed
and temperature values. HC emissions are also reduced as the ignition ad-
vance decreases: the end of combustion is delayed, continuing during the
exhaust stroke, allowing the unburned hydrocarbons to mix with the com-
bustion products and any oxygen present.

Due to the high temperatures (greater than 2000 K), reached in the flame
front zone, thermal dissociation of the nitrogen and oxygen molecules into
atoms takes place producing nitrogen oxides. Therefore, the concentrations
of nitrogen oxides essentially depend on two factors: maximum values of
temperature and oxygen content in the feed mixture. The air / fuel ratio is
therefore the engine parameter to be observed as it affects the combustion
temperature.

The formation of polluting species in compression-ignition engines is mainly
due to air/fuel distribution which varies over space and time therefore may
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leading to incomplete combustion. Un-burnt hydrocarbons can be generated
in the peripheral part of the spray where the amount of fuel is too low to
lead to self-ignition and the propagation of the flame front. Therefore, ther-
mal cracking and partial oxidation of the fuel can occur. Other HCs can be
generated in the central core of the jet where partial oxidation occurs due to
local oxygen deficiency. Contrarily than SI engine, CI engines, works with
poor mixture too. The greater availability of oxygen guarantee a good oxi-
dation of the CO reducing concentration at the exhaust which is much lower
than that SI engine.

In a CI engine NOx formation occurs in the weakly lean areas surround-
ing the fuel jet, which, due to the presence of oxygen and the high tempera-
tures,burn first and also in the central core of the spray, where temperatures
are maximum. Nitrogen oxides represent the main gaseous pollutant of a CI
engine.

Last but not least to be mentioned, especially for CI engines, but also for SI
engines with direct injection, is the particulate matter (PM). It consists on car-
bon particles deriving from incomplete combustion and brought into suspen-
sion by the exhaust gases. Particulate formation in the combustion chamber
is a complex mix of chemical and physical processes (pyrolysis, nucleation,
oxidation, piston wetting, carbonisation, particle coagulation and agglomer-
atiion). At the outlet section of the exhaust ducts, the PM appears as a set of
single carbonaceous cores or as a more complex cluster structure. These fine
particles, less than one-tenth the diameter of a human hair, pose a serious
threat to human health, as they can penetrate deep into the lungs.

The scientific research in the field of ICE today, more than ever, is aiming
to develop solutions, at every level to tear down tailpipe emissions. The
simplest idea is to use after-treatment systems, inserted on the exhaust duct,
in order to modify the chemical composition of exhaust. Among the others
can be mentioned:

• Three Way Catalysts (TWC): the trivalent catalytic converter performs
a triple action on the exhaust gases reducing NOx to N2 and oxidizing
HC and CO to, respectively CO2 and H2O. In order to operate correctly,
the engine must work with a strictly stoichiometric mixture: an excess
of free oxygen (lean mixture) makes difficult to reduce nitrogen oxides,
while a defect (rich mixture) decreases the probability of oxidation of
CO and HC;

• Selective Catalytic Reduction Catalyst (SCR): post-treatment unit for ni-
trogen oxides reduction typically through a urea solution injected in the
exhaust gases flow;

• Diesel Particulate Filter (DPF): it is a component that forces the burnt
gases to pass through a porous septum (generally made of ceramic ma-
terial, so as to withstand high temperatures) which retains particulate
matter larger than those of the pores. The DPF must be periodically
cleaned, through an operation called "regeneration".
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Going backward in the chain of events taking place in a ICEVs it must be
mentioned combustion. An higher efficiency can be obtained through inno-
vative combustion engines strategies such as low temperature combustion,
lean burn gasoline combustion, and clean diesel combustion that produce
very low engine-out emissions of oxides of nitrogen (NOx) and particulate
matter (PM).

Low temperature combustion (LTC) is a flameless, staged burning of the
fuel (gasoline, diesel, or biofuel) in an engine’s combustion chamber at tem-
peratures that are lower than what occurs during conventional engine com-
bustion.

In lean burn gasoline combustion, a flame moves through either premixed
or non-premixed (i.e., stratified) mixtures of fuel and air. In this process, the
engine dilutes the fuel with either more air than is required to burn it (excess
intake air) or recirculated exhaust gases.

The burning processes of clean diesel combustion and conventional diesel
combustion are quite similar. However, in conventional diesel combustion
(also known as diffusion combustion), the rate at which the fuel spray mixes
with air inside the cylinder before it reaches the flame determines the rate at
which the fuel and air burn in the flame while, in clean diesel combustion,
more fuel-air mixing occurs prior to the flame. This enables cleaner combus-
tion that produces less soot as well as retains or improves the high efficiency
of diesel engines.

The correct evolution of such advanced combustion methods depends on
the mixture formation and, previously, mainly on the fuel supply system.
Timing and modalities with the fuel is inserted within the engine are crucial
to obtain a correct mixing with air and, finally, to realize an efficient and clean
combustion. Since late ’90 fuel is provided by the unit injector replacing old
carburettors. Consequently the injection process plays a relevant role in the
chain of events happening in a ICE and for this reason it will be the common
thread of this work.

Physics of the spray formation will be studied both experimentally and
numerically paying particular attention on the development of consistent
simulation methodologies capable to reproduce the spray evolution in en-
vironments thermodynamically similar to the engine ones.

Nowadays, the availability of advanced technological capabilities, lead
to a reconsideration the application of in-cylinder direct injection techniques
to spark-ignition engines. This technology, alone or in conjunction with the
adoption of gaseous alternative fuels, is believed to be able to reach impor-
tant achievements like:

• performance enhancement

• consumption reduction

• emissions limitation

• engine down-sizing



1.9. Aims and outline of the thesis 23

However, due to short timing for air/fuel mixing and small space avail-
able within the combustion chamber scientific deepening of such processes
is mandatory in order to hit the previously mentioned targets.

Alongside to these deals, many alternative sustainable fuels have been
proposed for their environmental prerogatives: they are renewable, have
lower carbon emissions, are particulate free and can be produced also from
vegetables or, generally, in sustainable ways. Among the others, it can be
mentioned biogas, biodiesel, propane, ammonia, dimethyl ether (DME) veg-
etable oil, boron, P-series fuel (a unique blend of NG liquids, ethanol and
methyltetrahydrofuran), compressed natural gas (CNG) and liquified natu-
ral gas (LNG). Considering gaseous nature of many of them, particular atten-
tion is been paid on the development of efficient direct-injection techniques
in order to achieve correct dosage, air mixing and finally combustion.

1.9 Aims and outline of the thesis

The intention of the current work is to perform a comprehensive charac-
terization of the spray injection processes of both liquid and gaseous fuels
in direct injection-spark ignition engines. In particular, the primary aim is
to formulate and develop computational frameworks based on the current
state-of-the-art commercial and open-source Computational Fluid Dynamics
(CFD) capabilities, for modelling various physical aspects involved in DI-SI
engines. Moreover,the present research aims to shed more light on the phys-
ical behaviour and fluid dynamics of various complex phenomena involved
within the concept of advanced high pressure DI systems and DI-SI engines.

The main work of the present thesis is organised into chapters 2 to 10. An
overview of the contents of each chapter is as follows:

Chapter 2 reviews the features of injection systems, illustrates the two
macro-areas in which current work is subdivided and, finally, explain the
approach adopted for studying injection processes.

Chapter 3 illustrates the experimental techniques used for spray charac-
terization

Chapter 4 illustrates the numerical methodology adopted for spray char-
acterization.

Chapter 5 focus the attention on gasoline direct injection (GDI) technol-
ogy providing a literature review. Finally the case study analysed are listed.

Chapter 6 investigates the features of the Spray G injection process in
standard engine conditions .

Chapter 7 illustrates the physics of flash-boiling sprays and the numerical
methodology developed. The jets issued from the Spray G injector in flash-
boiling conditions are investigated with the newly developed approach so
relative results reported.

Chapter 8 focus the attention on the direct injection of CNG. Finally the
case study analysed are listed.

Chapter 9 includes the single-hole DI device case study providing full
details of the approach used and the results obtained.
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Chapter 10 illustrates the newly developed density based solver for study-
ing high pressure gaseous injection process and its application on a prototype
multi-hole injector.

Chapter 11 summarizes the main findings and the conclusions of the
present thesis.



25

Chapter 2

Fuel Supply Systems

2.1 Engine Fuel Supply Requirements

The spark ignition engine uses fuels that are volatile enough to be premixed
with air before combustion is initiated between the spark plug electrodes.
The task of the fuel supply system is therefore to dose the quantity of fuel
suitable to obtain, with the intake air, a mixture of suitable richness over the
entire range of use of the engine. The optimum mixture ratio for a spark
ignition engine varies, to some extent, according to the operating conditions.
In general, it can be said that, with the same speed of rotation and load, it
is possible to identify an optimal value of the air-fuel ratio for which the
maximum power is obtained (slightly rich mixture), and a different value
for having the maximum efficiency (minimum specific consumption). These
considerations can be generalized and for any effect that want be optimized
(minimum emission, minimum CO, minimum fuel consumption, etc...), an
appropriate mixing ratio value can be determined.

Depending on the operating conditions it will therefore be necessary to
find a compromise between the different requirements, choosing the value
of a which ensures the desired performances. Summarizing the problem, as
general indication, we can refer to the following three typical situations:

• Case of an engine whose power supply can be adjusted according to
the requirements of good performance and low consumption, while the
exhaust gases quality is sufficient by just controlling the power supply
and combustion. At low rotational speeds to increase the flame front
propagation speed and make the motor operation more stable (better
starting torque) a slightly rich blend should be kept. At constant speed,
as the load varies, the mixture ratio required is on average lean for in-
termediate loads (usually used for cruising) and must be enriched ap-
proaching to the conditions of full power.

• Case of an engine subject to the stringent regulations regarding exhaust
emissions that requires the use of purification methods. The mixture
ratio with which the engine must be fuelled is mainly imposed by the
emission abatement technique adopted at the exhaust. The most com-
mon solution is based on the use of a trivalent catalyst (capable of work-
ing with CO, HC and NO, at the same time). The equivalence ratio
range, within which this catalyst can perform its action effectively, is
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very narrow around the stoichiometric mixture ratio. It follows that in
an engine that uses such exhaust after-treatment system, the fuel sup-
ply system must guarantee a stoichiometric mixture over a large part
of the operating plan.

• Case of an engine in whose combustion chamber there is a non-homogeneous
spatial distribution of equivalence ratio: rich mixture in the vicinity of
the spark plug with an increasing leaning moving away from it (strati-
fied charge). In this case of stratified charge it is possible, for the same
speed, to adjust the indicated mean pressure, (i.e. the load), by varying
the quantity of fuel supplied for each cycle (as in the Diesel engine),
rather than the mass of the intake mixture. However, in most strati-
fied charge engines, this ability to control the combustion process still
cannot be used for all engine operation conditions

The fuel supply systems of an internal combustion engine and, in particular,
spark ignition must therefore dose the required quantity of fuel and mix it
with the air, in order to satisfy the complex requirements in terms of mixture
formation just mentioned. To do this normally they exploit two different
physical principles:

• they use the depression created by the air flow drawn in by the engine
to recall the quantity of fuel required (carburettor)

• they pressurize the fuel with a special pump and inject it finely pulver-
ized into the mass of the intake air (injection).

The main characteristics of these two fuel systems will be analysed in the rest
of the chapter starting for historical reasons from the carburettors.

2.2 Carburettor

Carburettors were the first devices for fuel supplying in spark ignition en-
gines due to their simplicity. However, it was the wide-spreading of internal
combustion engines as propulsion systems for road transport vehicles that
determined their continuous technological development. The increasingly
stringent limitations on tailpipe emissions have ended up imposing injection
systems for this fundamental category of engines. However, for sake of com-
pleteness, the main characteristics of carburettors are reported. Given the
multiple requirements of engines, the carburettor became a complex compo-
nent, consisting of a group of systems that work individually or simultane-
ously, to ensure the desired mixture ratio in all conditions. There are various
design solutions, but the same physical principle is used in the most widely
used types. The flow of air drawn in by the engine is used as the main quan-
tity to control the mixture ratio, using the depression produced by it in the
restricted section of the passage duct, to recall and dose the fuel. An ele-
mentary carburettor of this type therefore consists of the following essential
organs (Figure 2.1):
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• a venturi duct, formed by a converging-diverging nozzle. in whose nar-
row section the necessary depression is generated for the recall of the
fuel. The throat diameter of the nozzle must be such as to create a suf-
ficient vacuum to suck the fuel even when the engine is powered with
a small air flow rate, without on the other hand producing an excessive
pressure drop at full power;

• a fuel discharge nozzle that is, a duct that carries the fuel, previously me-
tered by the flow control jet, into the restricted section of the venturi;

• a float chamber in which the fuel level is kept constant, by means of a
float which acts on a conical valve to cut off the fuel flow from the tank.
The result is thus obtained of keeping the hydrostatic load on the jet
constant, subtracting it, for example: from changes in the fuel level in
the tank, from the pressure value of the delivery pump, from changes
in the carburettor’s output, etc.

• a throttle valve for regulating the mass of mixture drawn in by the en-
gine. It is located downstream of the main parts of the carburettor just
described. By choking the inlet manifold, it varies, and therefore regu-
lates the engine load.

FIGURE 2.1: Schematic representation of a basic carburettor [93]
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2.3 Indirect and direct injection

Fuel injection is the operation that allows to prepare the air/fuel mixture suit-
able for the correct operation of SI engine. The injection systems dose the fuel
in proportion to the air-flow breathed by the engine exploiting an increase in
fuel pressure with respect to the air, generated by the injection pump. Dur-
ing injection, the fuel jet comes out at high speeds from the injector nozzle,
forming a spray of fine droplets.

Among the others, injection systems for spark ignition engines can be
classified accordingly to the position of the injector in direct injection and in-
direct injection. Figure 2.2 shows the three main locations where the injector
is commonly placed relative to the engine.

FIGURE 2.2: Systems of fuel injection [1]:a) Single Point Injec-
tion, b) Multipoint Injection, c) Direct Injection; 1 – Fuel supply,
2 – Air intake, 3 – Throttle, 4 – Intake manifold, 5 – Fuel injector

(or injectors), 6 – Engine

In direct injection systems the injectors are placed on the head of each
cylinder, so the fuel is sprayed directly into the individual combustion cham-
bers. In indirect injection, on the other hand, the fuel is injected into the
intake air stream before it enters the cylinder. Among the different possi-
ble injector positions, the most important are single point and multi point
injection. In the first case, even for a multi-cylinder engine, the fuel spray
is sprayed into the air by a single injector normally placed upstream of the
throttle valve. In the second spray is formed by as many injectors as the
cylinders. The injectors are positioned in the intake manifold, in front of the
intake valve, thus avoiding any problem of correct distribution of the fuel
between the various cylinders, because the spray produced by each injector
must travel a short distance before entering its own cylinder.

The indirect injection process does not have to be synchronized with the
engine-cycle. Indeed, the fuel injected, mixes with air and can also accu-
mulate near the intake valve, until it opens. The problems of air/fuel mix-
ing are, therefore, much less critical than those typical of direct injection. In
fact,thanks to the free-timing, longer times are available and it is possible to
exploit the homogenizing action of ducts and valves. Considering the low
injection pressures ( 0.3 - 0.4 MPa) and, that indirect devices are not exposed
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to burnt gases, injectors costs are moderate and reliable. The advantages of-
fered by indirect injection can therefore be summarized in:

• good homogenization of the charge due to the mixing process in ducts
and valves due to the relatively long times available before starting
combustion:

• low injection pressures because the main function of the injector is to
dose the correct quantity of fuel rather than produce a spray with strin-
gent pulverization and penetration characteristics;

• limited thermal loads on the injectors because they are not in contact
with the burnt gases used and there are not fouling issues due to carbon
deposits;

• low system costs thanks to both the low injection pressures required
and the possibility of using simple and economical injectors.

On the other hand, indirect injection brings to lower engine efficiency, higher
fuel consumption and eventually higher pollutant emissions. For these rea-
son, lately, a growing interest was achieved by direct injection systems. The
direct injection into the cylinder must be strictly timed with respect to the
engine cycle. The injection must be anticipated during the intake in order to
obtain a homogeneous air/fuel mixture . This gives the maximum time for
the fuel spray to mix with the incoming air and vaporize. However, since the
time available for the homogenization of the charge is less than that relating
to the indirect injection, it is necessary to increase the air turbulence. Higher
injection pressure (than the ones used for indirect injection) is required to
comply with shorter injection timings. DI allows to obtain an appropriate
stratification of the charge with decreasing richness moving away from the
candle. This stratification process is obtained by the delay of the injection
until just before ignition (starting by the end of the compression stroke). A
further advantage of this system is the possibility of using wide crossings
between the exhaust and the intake valve with consequent good washing.
Furthermore, any risk of fuel condensation on the walls of the ducts and on
the intake valve is eliminated although part of the spray can reach the pis-
ton and cylinder walls (especially in small bore engines). On the other hand,
the injector is more robust and expensive because it has to withstand higher
injection pressures and greater mechanical and thermal stresses typical of a
combustion chamber.

The advantages of direct injection can therefore be summarized as fol-
lows:

• overcomes the limitations of working with a homogeneous charge;

• allows to use innovative forms of combustion such as stratified charge
with a decreasing air/fuel ratio going far from the spark plug or con-
trolled self-ignition
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• allows to control the engine load in an innovative way (together with
the use of: variable valve actuation systems, supercharging, downsiz-
ing, etc.), reducing fuel consumption in partial load conditions:

• limits the formation of pollutants by controlling the development of the
combustion process and the use of a strong recirculation of burnt gases.

2.4 The scientific approach for spray’s characteri-
zation

The starting point of the spray characterization is an experimental campaign.
In the last few years, various experimental procedures have been developed
to capture images of the injection process at different thermo-fluid-dynamic
operating conditions which should be the most representative of the engine
conditions. The combustion chamber is an unfriendly measuring environ-
ment: the turbulent gas phase, the flame itself and the particular thermo-
dynamic conditions make it difficult to perform measurements without al-
tering the environment’s conditions. Qualitative imaging techniques and
quantitative procedures can be exploited in order to have a representation
of the spray’s morphology.

The parameters that allow to describe the jet morphology differs if gaseous
or liquid spray is considered. However, in both cases determining exper-
imentally the actual structure of a spray, i.e. the distribution of the fuel
within the jet, is still a rather difficult task. Therefore, it has to be consid-
ered only some global parameters: the penetration length, the cone angle,
and the tip velocity. This last parameter decreases over time, the penetration
of the jet grows continuously as it develops over time, while the cone angle,
usually, does not vary significantly. Talking about the liquid spray, as soon as
it comes out of the injector’s nozzle, it pulverizes into drops and liquid parti-
cles. Droplet dimensions are a relevant parameter for evaluating the spray’s
quality. Sauter mean diameter (SMD), the most used, is defined as:

SMD =
∑Nd

i=1 d3
i

∑Nd
i=1 d2

i

(2.1)

where Nd is the overall number of droplets and di the i-th droplet’s diameter.
The evaluation of air/fuel mixing within gaseous fuel-jets deserves a sep-

arate discussion. Experimental techniques featuring tracer substances adop-
tion are unavoidable. Such procedures are quite complex to perform and
express all their limitations leaving the field open to numerical approaches.

Computational fluid dynamics simulation allows to reconstruct the spray
morphology and, especially, evaluate physical parameters instead difficult to
be measured. Experimental data are thus used by researchers to tune and val-
idate computational fluid dynamics (CFD) spray models that become pow-
erful tools to understand such phenomena. Furthermore once validated, the
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numerical models, allow to perform quickly parametric investigations spar-
ing time and money needed for setting an experimental campaign.

Numerical models can be divided in two categories depending on the
final aim:

• Mono-phase models: adopted for the simulation of gaseous injection
processes. They feature an accurate turbulence representation and high-
order discretization schemes (both in time and space) capable to repre-
sent the strong discontinues of supersonic flows.

• Bi-phase models: adopted for the simulation of liquid fuel injection
processes. They feature an Eulerian-Lagrangian combined approach
for simulating, respectively, gas phase and liquid-fuel phase plus, a set
of physical sub-models, for describing the two phases interaction and
the other phenomena.

Together, the experimental and numerical results, provide a better com-
prehension of the operating condition’s effect on the spray characteristics,
allowing us to optimise the injection process and so to obtain low emissions
and a more efficient combustion. In the next chapter the principal features of
both CFD and experimental techniques are described.

2.5 Outline of interest areas

The current work regards the characterization of the spray formed by DI in-
jectors for spark ignition engines (SI) engine. In particular, the analysis will
be divided into two main areas of interest:

• GDI Injections: the global volume of gasoline direct injection engines
is expected to overtake that of port fuel injection (PFI) engines by 2020
[136, 322]. The GDI systems are broadly recognized as a powerful tech-
nology to reduce the worldwide energy supply demand and the envi-
ronmental pollution. The GDI technology allows to achieve a higher
engine efficiency, a cleaner combustion and the engine downsizing. In
such configuration the quality of the injection process full-fills a rele-
vant role and strongly affects the chain of events of mixture-formation,
combustion and pollutants production. Hence, it becomes unavoidable
reaching a comprehensive characterization of fuel jet. Experimental
techniques, in conjunction with CFD modelling procedures featuring
Discrete Droplet Model (DDM) approach, will be adopted for a compre-
hensive description of the multi-phase flow of a liquid spray. Spray’s
formation of GDI injectors will be studied with particular attention on
the conditions of high-injection pressure and operating in flash-boiling
conditions. Flash boiling is the sudden phase change of a fluid from
liquid phase to the vapour one and it occurs operating at high tem-
perature levels of the injected fuel and low back-pressure values.Such
configurations are demonstrating many advantages in the applications
for GDI engines providing a better fuel atomization, a better mixing
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with the air, a consequent more efficient combustion and, finally, re-
duced tailpipe emissions. An innovative approach will be developed
in OpenFOAM environment for properly simulating the flash-boiling
phenomenon features.

• Gaseous Injections: lately, a great interest is growing for the adoption of
gaseous fuels too in direct injection systems. In this work it will be con-
sidered CNG because alone or in combination with other fuels, CNG
represents an attractive way to reduce exhaust emission (high H/C
ratio), can be produced in renewable ways, and is more widespread
and cheaper than gasoline or diesel fuels. Unfortunately, it has some
drawbacks such as a low energetic density and presents difficult com-
bustion dynamics, requiring a deep studying. Gas direct injection (DI)
processes involves the the formation of characteristic sonic structures,
shock waves and under-expanded jets in the combustion chamber. An
accurate characterization of such phenomena is crucial for a consequent
application in DI-CNG engines. Appropriate CFD methodologies will
be developed in OpenFOAM environment in order to evaluate cor-
rectly the fuel-jet evolution within the combustion chamber. At the
same time, improvements on the injectors design are required. For
these reason in current work single hole and multi hole injector op-
erating at different injection pressure will be considered in order to in-
vestigate the optimal configuration capable to provide the required of
spray’s quality.
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Chapter 3

Optical measurement techniques
for spray characterization

3.1 Historical background of optical techniques

The father of optical studies is Robert Hooke (1635-1703) one of the biggest
experimenters in the 17th Century. He was simultaneously involved with
telescope, microscopy, glass technologies and optical techniques. He estab-
lished a new field of study with is famous ‘Micrographia’ on which there
is a discussion of light refraction by density variations in liquid and in at-
mosphere. With his study he explained the twinkling of stars, convention
phenomena in fluids, turbulent mixing, chromatic aberration and stratified
flow. For the first time he studied a thermal disturb looking at schlieren effect
as pupils of eye that cut off refracted rays. His study was not recognized as
a schlieren techniques for three centuries. He replaced upon human pupil of
the eye the light-dark boundary of a candle flame with one lens, or concave
mirror . When a candle was positioned distant to the lens this illuminate
completely the pupil areas. While when a second candle was inserted near
the lens it refracted some ray strongly that they fall outside the pupil, reveal-
ing the transparent convective plume of the candle because the eye sees a
different light intensity. Hooke understood that the convective plume of the
candle was visible by way of its shadow on a withe paper by the sun. This
description is the beginning of a shadowgraph technique (Figure 3.1).

FIGURE 3.1: Left-to-right: candle plume and original shadow-
graph observations [338]
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Only about a decade after Christiaan Huygens (1629-1695) re-invented a
version of a schlieren technique. During the 18th Century only Jean Paul
Marat (1743-1793) published a volume of the physics of fire in which he
painted the first optical flow image. A warm air is visible, it is less dense
than the ambient and refracts light to form a bright fringe around and inner
dark zone. Marat had painted the laminar plume in its transition to turbu-
lence. In the 19th century J.B. Leon Foucault (1819-1868) made a important
contribution: he used a knife-edge to refine astronomical telescope mirrors
and indirectly was vital for schlieren technique today, in this way he has in-
troduced a filter for image. Another fundamental physic of this Century is
Ernst Mach (1838-1916) that with these precedent studies measured a wave
speed proving that the waves of sparks were supersonic. Mach’s schlieren
observation confirmed that non-linear waves could travel faster than sound
(acoustic speed is 340 m/s). In 1885s Mach recognized that nondimensional
parameter V/a, the Mach number where V is the wave speed and a is the
speed of sound, governs the behaviour of shock waves. Ludwig Prandtl
(1875-1953) and his students at Gottingen University started to study a su-
personic gas flow and one student, Theodor Meyer, derived the theory of
oblique waves in supersonic flow and Ernst Magin made schlieren observa-
tion of them (Figure 3.2).

FIGURE 3.2: Supersonic nozzle flow pattern photographed in
Prandtl laboratory [338]

In the 20th Century the field of ballistics was employed. Carl Cranz (1858-
1945) was an engineer and professor of Ballistics in Berlin and with Hubert
Schardin (1902-1965) made a crucial contribution to high-speed photography.
They improved a multi-spark camera today known as the Cranz-Schardin
camera. This camera enables to capture high-speed imaging of physical phe-
nomena at more than a million frames per second. Therefore, with this cam-
era many important study were carried out as shock-tube flow or ballistic
impacts. At the end of World War II Schardin wrote his major publication
Schlieren Methods and Their Applications. In 1945, he and his research
group were required from US and France for their knowledge in ballistic
field. Therefor at Saint Louis, in France, Schardin became the first German
director of the German-French Research Institute Saint-Louis that is still to-
day a renowned centre for ballistics, shock-tubes and optical flow diagnos-
tic. Rudolf Hermann (1905-1991) and his team designed a large supersonic
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wind tunnel in 1939s and the key instrument was a schlieren system: a major
application to schlieren and shadowgraph was created. It was a good devel-
opment for the flow study because without flow visualization wind tunnel
was not useful. While the recent history of schlieren and shadowgraph tech-
niques concern new approach for large point of view. Leonard M. Weinstein
(1940-), a Nasa scientist, developed new concept of instrumentation applica-
ble in different field of engineering. He turned his attention on lens-and-grid
schlieren techniques completing the general optic incomplete design of these
system that was started by Schardin and now several tunnel facilities can be
used, for example systems for flow visualization cheaper than conventional
schlieren optics. More than 70 new schlieren system were based on work of
this scientist.

The experimental campaigns performed in this work feature exclusively
schlieren and Mie-scattering techniques. In particular gaseous sprays were
recorded using the first one while, liquid sprays , were analysed with both
techniques. In particular, Mie scattering, capturing mainly the liquid phase,
was adopted for distinguish between liquid and vapour. Consequently the
physics of such techniques are described in the following.

All the measurement proposed in this work were performed at the "Lab-
oratorio Spray" of the Istituto Motori of CNR - Naples.

3.2 Schlieren imaging

Schlieren is a simple, inexpensive and somewhat spectacular optical tech-
nique for visualizing density gradients in fluids, it has popularly used for
studying shock-waves in air-flows. Schlieren imaging is used for studying
turbulent multiphase flows too and it can visualize internal structures of the
gas-phase fluid flow, which is invisible without a proper optics setup [187].

Our eyes and ordinary cameras cannot distinguish the phase differences
in a light beam but the schlieren method does it. The physical concept of
schlieren is the refraction of the light. When light rays interact with mat-
ter they can deflect or not: if the light travel through a homogenous media,
vacuum or space, the rays have a uniformly phase and a constant value, on
the other hand if light passes through heterogeneous media, such as fluids
in motion, the rays refract and deflect. Then schlieren technique translates
phase differences into amplitudes.The electromagnetic nature of the light al-
lows defining the wave fronts. The wave front is the locus of all points where
the waves vibrate together, and they have the same phase. The light rays are
always perpendicular to fronts of wave. The wave front form can be spher-
ical or flat. When light rays travel in a heterogeneous media the index of
refraction changes, the light changes its velocity and fronts of waves have
not the same form. When the light crosses a medium with parallel sides and
uniform density (Figure 3.3), the rays go down or speed up, depending of
density of the medium, keeping constant their direction and after passing
the medium get again their initial velocity [82].
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FIGURE 3.3: Light rays in uniform density medium.

When light rays pass through a medium with uniform density, parallel
faces but in non-orthogonal configuration (Figure 3.4), their direction is al-
tered entering in the medium but at the exit rays regain their original direc-
tion.

FIGURE 3.4: Light rays in medium with an angle.

The last configuration is showed in Figure 3.5: the medium has both
non-parallel faces and heterogeneous density, the direction of the light rays
change in medium and when they exit their configuration is not the same as
in enter face.

Definitely, light propagates uniformly in homogenous media and so for
all test methods a light source is required. An easy example is starlight: if
earth’s atmosphere was uniform starlight would reach us as parallel light
rays but the atmosphere is not uniform. There are, for example, turbulences
and thermal convections that change the atmospheric density: starlight bends
and it means that a medium is characterized by a refractive index. Refractive
index indicates its changing speed because the light slows upon when there
is a interaction with media. The refractive index can be computed as:

n =
c0

c
(3.1)
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FIGURE 3.5: Light rays in heterogeneous medium.

where c is the light speed in the medium and c0 is the universal light speed in
vacuum (c0 = 3x108 m/s). For air and gases, there is a relationship between
the refractive index and the gas density:

k is the Gladstone-Dale constant that depends on λ, the light wavelength.
For standard condition the value of k is 0,23 cm3/g [161]. From this formula-
tion it is possible to understand that changing density of two orders it leads
to a 3% change of n. A diagram of refracting light through a heterogeneous
media is showed, in Figure 3.6, to explain a deconstruction of schlieren light
refraction: a planar light wave is initially vertical but later, the light wave
passes through a schlieren object and it becomes displaced.

FIGURE 3.6: Diagram of light ray deflection in heterogeneous
media [235].

It is necessary to assume a negative vertical refractive index gradient in y
direction:

∂n
∂y

< 0 (3.2)
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There is no refractive gradient in x or z directions. ΔZ/Δt is the differential
distance of the light covered in differential time, Δε is the differential angle
of refracted light. From Figure 3.6 expression of differential angle can be
written:

Δε =
c

n2
− c

n1

Δy
Δt (3.3)

the expression for differential time is:

Δt = Δz
n
c

(3.4)

combining 3.3 and 3.4 by replacing c from 3.4 in 3.3 it is possible to find:

Δε =
n

n1 n2

n1 − n2

Δy
Δz (3.5)

considering the limit in zero and simplifying n
n1 n2

to 1
n :

∂ε

δz
=

1
n

δn
δy

(3.6)

and defining:

∂ε =
δy
δz

(3.7)

it is obtained:
∂2 y
∂ z2 =

1
n

δn
δy

(3.8)

this last expression relates to the curvature of refracted ray to the magnitude
of refracted index and therefore integrating 3.6 in the appropriate direction it
is possible to find deviation angles (schlieren images):

εy =
1
n

�
δn
δy

δz (3.9)

It means that the gradient of refractive index causes rays deflection. Fig-
ure 3.7 shows light rays bended due to a gradient of refractive index on a two
dimensional schlieren system.

The index gradients, that in previous figure is positive, can cover one, two
or three dimensions. The angular deflection is larger with high pressure.

The simplest configuration of schlieren technique (Figure 3.8) called Lens
system [187] includes a point light source, 2 lenses, a knife-edge and a screen.

The light source is used to illuminate uniformly the test area and the im-
age is visualized on a screen or recorded on a camera. The first lens collimates
the light into a parallel beam that crosses test section area. The light changes
direction when it passes through area with different light refraction index
that is due to different gas density or different gas composition. If an object
blocks the beam, it will create a shadow that can be recorded photographi-
cally. For this purpose, a knife edge is then placed between the test area and
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FIGURE 3.7: Geometric theory of light refraction of a two di-
mensional schlieren with a gradient of the index of refraction

in y-direction [53].

FIGURE 3.8: Simple schlieren system [161].

its image so that it blocks half of the image.
Precisely, in Figure 3.8, S is a point light source and is collimated by a first

lens which focal point coincides whit the location of the source. Then the
parallel beam passes through a test section area and a second lens refocuses
the beam to an image of the point source. From there the beam proceeds to
a viewing screen where a real inverted image of the test section is formed
[161]. It must be clarified that the second lens images the object A onto the
screen with a magnification of -1 if the distance between lens 2 and the object
is two times the focal length. A magnification is with minus sign because as
described above it is replaced with its original dimension but upside down
[53]. Between a second lens and screen is added a knife-edge that is a razor
blade to blocking the image of the source point. A is a schlieren object anal-
ysed, it is positioned in test section area and it bends light rays from their
initial path. The second lens focuses the ray from each point in A to a corre-
sponding point in the screen image [161]. The rays deflected upward bright-
ens a point in the screen, but the rays deflected downward are blocked by
knife-edge and the corresponding image on the screen is dark compared to
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the bright background. The knife edge serves as a cut-off filter for intensity.
The simplicity of such Lens system offers a great advantage as there is no

off-axis aberration, which is the biggest challenge in mirror systems. Despite
this, the lenses in this type of schlieren system are required to be of very
high quality, which leads to high cost and high maintenance level. Also,
lenses are restricted in size: their diameters cannot be as large as parabolic
mirrors, meaning that these systems cannot be used to observe a large region
of interest. Due to its straight layout, the lens system is also longer in length
(requiring more space for the total arrangement) [187].

The configuration shown in Figure 3.8 comprises lens instead a concave
mirrors and it is possible to examine a relation: if p is the distance between the
test area and the second mirror, q is the distance between the second mirror
and the screen, f2 is the focus of the lens 2, the following relation must be
satisfied.

1
p
+

1
q

=
1
f2

(3.10)

FIGURE 3.9: Schematic configuration of schlieren set-up [161].

Always considering Figure 3.9, a light source that generates a light beam
of diameter as is kept at the focus of lens L1. The dotted line shows the path
of the light beam in the presence of disturbance in the test region. The second
lens L2, whose focus is the knife-edge collects the light beam and passes onto
a screen. If no disturbance is present, the passage of the light beam is shown
by solid lines reaching the focus of L2, whit a diameter a0 [32]. These two
dimensions are related [277]:

a0

as
=

f2

f1
(3.11)

where f1 and f2 are the focal lengths of lenses L1 and L2, respectively.
When the size of test region is large, necessary the light beam must have

a large diameter. In this case the use of spherical mirror is preferable to the
one of lenses which are fairly expansive [161]. Figure 3.10 shows the classical
schlieren system, called Z-type system, using spherical mirrors.

Z-type is the most popular schlieren system setup in practice. This is
because the system allows a larger test region without needing to increase the
size of the mirrors. In this configuration, light generated from a light source
focuses on a condenser lens and goes through a slit. It is then directed to a
parabolic mirror and collimated, resulting in uniform propagation through
the test region. The collimated light is incident on another parabolic mirror,
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FIGURE 3.10: Typical schlieren apparatus: z-configuration.

which refocuses the light rays. The light passes through a cut-off (an edge
or filter) and is refocused onto a screen or an image sensor of a camera. In
general, light rays travel in a z-shaped, hence the title [187]. A minimum
distance between the field mirrors of about 2f, where f is the mirror focal
length, is required to provide space for the test area [22].

Another important topic in the Z-type configuration is about aberrations
as coma and astigmatism. Coma occurs when the direction of the light re-
flected from a mirror depends on the position of the point of reflection. This
is a consequence of tilting the schlieren field mirrors of their optical axes
[338]. The image of a point is focused at sequentially differing heights, pro-
ducing a series of asymmetrical spot shapes of increasing size that result in a
comet-like structure [187]. This aberration grows in proportion to the offset
angle θ1 (figure 64) but it is minimized by keeping θ1 small. Fortunately, it
is possible to cancel the effect of coma by tilting the mirrors at equal angles
(θ1 and θ2) in opposite directions from the central optical axis, forming a "z"
and using identical mirrors[338].

FIGURE 3.11: Geometric characteristics of z-type configuration

Unlike coma, astigmatism cannot be eliminated from the z-type schlieren
or any off-axis mirror system. Astigmatism is the failure of focusing a point
to a point, and the image is therefore not properly focused [28].Astigmatism
is shown to be proportional to the square power of the off-axis angle hence
it can be reduced by reducing the size of the off-axis angle. The longer fo-
cal length obtainable with parabolic mirrors can also help reduce astigma-
tism[187].

Another schlieren configuration is double-pass mirror system (Figure 3.12).
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FIGURE 3.12: Configuration of double-pass mirror system [187]

The double-pass mirror system uses only one mirror, missing out on the
advantages of collimating light rays. A single spherical field mirror with
the light source on axis at the radius of curvature is used. Alternatively, a
parabolic mirror with a corrector lens after the light source can be used. The
schlieren object is positioned in front of the mirror. The principle is that,
as the diverging light beam passes through the schlieren object, it hits the
mirror and returns along a coincident path, forming an image. A reflecting
knife-edge separates the returning rays from the source rays. These return-
ing rays then carry the schlieren image to a camera. In this system, since the
light passes through the schlieren object twice, the deflection of light rays oc-
curs twice resulting in increased sensitivity. However, the double-pass setup
requires a rather large, high-quality mirror which drastically increases the
cost. Also, the light rays are not propagating parallel to each other and the
schlieren object is close to the mirror, which is a disadvantage in some appli-
cations [187].

3.2.1 The razor-blade

The knife edge is a cut-off filter for intensity and the correct positioning of
this will uniformly darken the image captured. In other words, if the razor
blade was incorrectly positioned, it would be easily noticeable because of
the partial darkening of the image and the apparent difference in brightness.
The intensity of the light that arrives on image plane is a function of angular
deflection of the light rays and this intensity is the fraction non-stopped by
Schlieren aperture. It also depends on the geometrically shape of light source
(Figure 3.13). The maximum intensity occurs when light image moves com-
pletely outside any aperture stop and the cone angle is large enough. It is
means that there is a minimum and maximum value of the deflection angle
that can be measured as light intensity [33]. Some possible apertures can be
used and if it is a circular geometry gives equal sensitive in x and y direction.

Figure 3.14 illustrates the difference of intensity of light with and without
knife-edge.
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FIGURE 3.13: Schlieren system highlighting different apertures
[187]

FIGURE 3.14: Sketch of the light pats in configuration with
knife edge and without knife edge [187]

First configuration (top Figure 3.14) allows the light source to hit com-
pletely the screen, while the knife-edge in the second configuration (bottom
Figure 3.14) blocks all rays and consequentially there is no intensity light on
the screen. Some differences occur also when gradient of index changes (Fig-
ure 3.15).

First schlieren configuration in Figure 3.15 has a constant gradient, neg-
ative, of refraction index (the gradient is represented by the purple dashed
line): light path is diverted, and, in this case, the light rays pass over the
razor blade, up by Δy quantity, arriving completely on screen that is all illu-
minated. Second sketch shows the change of the index and the light passes
over the knife edge (if gradient is negative) or the rays hit the razor blade
and they are blocked (if gradient is positive) with no light onto the screen.

The adjustment of the knife-edge plays a significant role in the quality of
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FIGURE 3.15: Sketch of schlieren with different index gradient

the schlieren image recorded: in Figure 3.15 the distribution of light inten-
sity over the screen is shown for various positions of the knife-edge. Figure
3.16 (a) and (c) respectively show non-uniform distribution of light intensity
when the knife-edge is either too close or too far away from the second con-
cave mirror. Figure 3.16 (b) shows light intensity distribution for a correctly
placed knife-edge [277].

FIGURE 3.16: Effect of knife-edge movement on the schlieren
image for a horizontal knife-edge cutting off the light beam
from below. (a) Knife-edge is very close to the second concave
mirror; (b)Knife-edge is correctly placed. (c) Knife-edge is be-

yond the focal plane of the second concave mirror

An important step in the alignment procedure is to adjust the percent cut
off by the knife edge in order to obtain the desired sensitivity. If the cut off
is small, a large amount of light passes over to the screen and results in poor
contrast of the schlieren images along with the possibility of camera satu-
ration. If the cut off is large, high images are possible, but the measurement
may result in the loss of information in regions of low density gradient. If the
sensitivity of the schlieren system is deliberately reduced, either by a lower
intensity cut off by the knife-edge, or by whit a graded (grey-scale) filter,
vibrations errors would be truly minimal [277].
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3.3 Mie Scattering imaging

A scattering phenomenon is based on a wave that runs into a medium. Inside
the medium there are charges that oscillate in response to the collision, part
of the wave power is lost as a result of the Joules work into the medium and
in order to overcome the force resistance. Another part of wave power is lost
into a phenomenon called Scattering. Scattering of electromagnetic waves
is due to an interaction between the incident electromagnetic wave and the
atomic structure of scattering object: the wave is redirected when the light
radiation hits a heterogeneous medium. The constituent molecules of mat-
ter have electric bound charges that when are perturbed from light radiation
moving from their respective position. As a result, an unbalance and con-
sequently polarization of particles occurs. This behaviour induces electric
dipole moment and fluctuation of charges. The frequency of this oscillation
is same as the frequency of incident electromagnetic waves. The oscillation of
charges generates secondary electromagnetic waves that also radiate energy
in the form of light radiation in different directions.

FIGURE 3.17: Scattering cross section [2].

In the Figure 3.17 a scattering cross section σs(θ) for a electromagnetic
wave is showed; particle scattered forms angle θ with the direction of prop-
agation and therefore angle Ψ with electric field of the incident wave. Scat-
tering cross section is the ratio of the time-averaged scattered power per unit
solid angle in that direction, per unit incident power, evaluated at the loca-
tion of the scattering object. Thus, it is the fraction of the total power inci-
dent that is re-radiated by the scattering object in that particular direction
per unit solid angle. To have a total scattering cross section is necessary in-
tegrate the directional scattering cross sectional area over all solid angles in
all possible directions. The amount and nature of scattering depends on the
relative value of the wave length and on the diameter of the scattering par-
ticle. Considering this last feature a differentiate in scattering phenomenon
can be done: there may be the Rayleigh scattering or the Mie scattering. The
Rayleigh scattering occurs when the dimension of the scattering particles is
smaller than the wave length of the incident electromagnetic wave and there
is no appreciable change in the phase of the electric field. A required condi-
tion for the Rayleigh scattering is:

2π

Λ
· d << 1 (3.12)
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where d is the diameter of spherical particles and Λ is the length wave.
Physically it means that the time for penetration of the electric field is much
less than the period of oscillation of the electromagnetic wave. The power
radiate by the particle due to the scattering is [2]:

σscat =
2
3

π5 d6

λ4

�
n2 − 1
n2 + 2

�2

(3.13)

and it depends on the refractive index n and on the power re-radiated is
in the same direction of the primary wave. Moreover, it is proportional to
the sixth power of particle size and it is inversely proportional to the fourth
power of wavelength Λ. This means that high frequencies are more scattered
compared to lower ones and it is for this reason that scatter of sunlight re-
sults in blue colour on sky. The Mie scattering results from a solution to the
Maxwell’s equations and the phase of the incident signal can change consid-
erably with the dimension of the scattering particle. Therefore, the condition
(3.12) that is necessary for applicate the Rayleigh scattering must not be sat-
isfied in this case. The scattering signal intensity is influenced by the ratio
of the refraction index between the particle and the ambient medium, by
the size, the shape and orientation of the particle. The light intensity in Mie
scattering is higher than intensity in Rayleigh scattering. For all these char-
acteristics, the Mie Scattering model is able to describe the light dispersion
due to liquid particles. Therefore, through the interaction between light and
particles with different dimensions using the Mie scattering is possible to vi-
sualize the liquid phase into a spray when it is illuminated by a continuous
light.
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Chapter 4

CFD Techniques for Spray
Characterization

4.1 Governing Equation of a Mono-Phase Fluid Flow

Mono-phase fluid flows can be modelled mathematically using conservation
equations. They are also called governing equations and regards mass, mo-
mentum and energy:

∂ρ

∂t
+∇ · (uρ) = 0 (4.1)

∂(ρu)
∂t

+∇ · [u(ρu) + p] = ∇ · σ (4.2)

∂(ρe)
∂t

+∇ · [u(ρe) + p] = ∇ · (σ · u) +∇ · q (4.3)

where:

• p is pressure which is assumed to be coupled to density and tempera-
ture via the perfect gas state equation:

p
ρ
= RT (4.4)

• e is the total energy given by the sum of internal Ui and kinetic energy :

e = Ui +
1
2
�u2�

with Ui expressed as:

Ui = cvT

cv represents constant volume specific heat and T is temperature;

• σ is the stress tensor that for a newtonian fluid is equal to:
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σ = µ
�
∇u + (∇u)T

�
−
�

2
3

µ∇ · u
�

I =

= 2µ dev(D)

with µ dynamic viscosity computed by Sutherland’s law as a function
of temperature:

µ =
As

√
T

1 + Ts/T
(4.5)

As and Ts are specific constants of the single specie.

D strain tensor:

D =
1
2

�
∇u + (∇u)T

�

• q is the heat flux vector computed as:

q = ∇T

where T is the fluid temperature and λ is the heat conduction coefficient
computed as:

λ =
µcp

Pr
with cp being the constant pressure specific heat and Pr is the Prandtl
number.

cp is computed as function of temperature from JANAF tables [59] with
the following relation:

cp = R ((((a4T + a3) T + a2) T + a1) T + a0) (4.6)

This function is valid between a lower and upper limit at temperature
Tl and Th, respectively. Two sets of coefficients a0 ... a4 are specified, the
first set for temperatures above a common temperature Tc (and below
Th), and the second for temperatures below Tc (and above Tl).

In order to study the mixing of multiple species consequent to the injection
process the set of governing equations (4.1-4.4) is completed by a transport
equation for each specie:

∂ (ρYi)

∂t
+∇ · ρuYi = ∇ · (ρDi∇Yi) (4.7)

where, for the i-species, Yi is concentration, and Di is the diffusivity equal to:

Di =
µ

ρSc
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The above-mentioned governing equations of fluid flows (i.e. Equations
4.1,4.2,4.3) are in deferential forms and are derived based on an infinitesi-
mal small fluid element in the flow, with a differential volume. In fact, the
fluid element (may be fixed in space or moving) is infinitesimal in the same
sense as differential calculus; however, it is large enough to be viewed as a
continuous medium (containing a huge number of molecules). It is worth
mentioning that, the partial differential equations obtained directly from the
assumption of fluid element fixed in space are the conservation form of the
equations. On the other hand, particular partial differential equations which
can be derived from the moving fluid element assumption are called the non-
conservation form of the equations. When the conservation form is used, the
computed flow-field is generally smooth and stable.

In a turbulent flow (like fuel sprays in ICE) governing equations are valid
only if the spatial and temporal resolutions are fine enough to capture all
scales of the flow. Unfortunately, at the present time conducting, such Direct
numerical simulation (DNS) on complex fluid flows and specifically on com-
plex domains is not computationally practical due to the technological re-
striction (high computational costs). Therefore, instead of solving full length
of turbulent scales, various modelling techniques have to used. In the next
section of this chapter the ones used in this work are presented.

4.2 Turbulence Modelling

4.2.1 Physics of Turbulence

The observation of turbulent flows is a daily experience that we identify with
the non-stationary, irregular and apparently chaotic motion of a fluid. The
volutes formed by the smoke of a cigarette in its upward motion, the mixing
of milk and coffee inside a cup or the irregular wake of a river downstream
of a bridge pylon are just a few examples among an innumerable quantity ".
The concept of turbulence is clear enough for everyone, the effect that tur-
bulence has on the global characteristics of a flow is not so clear. Consider,
for example, lighting a cigarette inside a room; It is common experience that
after a few seconds the presence of smoke can be felt throughout the room,
indicating that the smoke has "spread" everywhere. A naive interpretation
could lead us to think that diffusion is the cause of this phenomenon but
an estimate of the time scales unequivocally excludes this factor. However, it
could be observed that since cigarette smoke is warmer than the surrounding
air, natural convection plays an important role in the diffusion of the smoke.
A dimensional estimate, however, provides speeds of the order of cm s−1

which, combined with the observation that the hot smoke rises upwards and
does not propagate horizontally, still leads to times of hours in sharp contrast,
with daily experience. The reason for the discrepancy between practical ex-
perience and the two quantitative estimates is that in both cases, the presence
of turbulence was neglected. The velocity fluctuations induced in the fluid
by turbulent motion, in fact, have the ability to transport a quantity (scalar or
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vector) very rapidly even in the absence of average motion. This leads to as-
similate the effect of turbulence with a notable increase in the diffusion of the
fluid which is also two or three orders of magnitude greater than the value
molecular. A more careful study of turbulent phenomena will however show
that this is only the most visible effect of a very complex dynamics involving
mainly the non linear terms of the Navier - Stokes equations.

Laboratory experiments on the flow inside circular cross-section tubes
were carried out for the first time in a systematic way by O. Reynolds in
1883 who observed that by combining the mean velocity of the flow U, the
diameter of the duct and the kinematic viscosity of the fluid µ in the factor
Ud/µ (which later took the name of Reynolds number) it was possible to
describe the flow dynamics in three different categories. For Re ≤ 2100 the
flow remained stationary and behaved as if rectilinear sheets (hence the term
laminar flow) were sliding on each other interacting only through tangential
forces. This behaviour was noted by observing the evolution of a "streak-
line" of ink released from a fixed position inside the duct; the dye line, in
fact, remained straight, spreading very weakly as it moved away from the
source. For 2100 ≤ Re ≤ 4000 the dye line lost its stationarity and propa-
gated along a wavy trajectory with time dependent characteristics. In this
transitional regime, however, the trace of dye preserved its spatial coherence
by remaining confined to a thin line. On the contrary, for Re ≥ 4000, af-
ter an initial stroke with oscillations of increasing amplitude, the ink trace
was vigorously diffused throughout the cross section of the tube until it was
evenly distributed throughout the flow. This latter regime is called turbulent
and is characterized by a disordered, completely three-dimensional and non-
stationary motion and by speed fluctuations with non-deterministic charac-
teristics. These eddies breed new instabilities and hence smaller eddies. The
process continues until eddies become sufficiently small which means fluc-
tuating velocity gradient are sufficiently large, and viscous effects dissipate
turbulence energy as heat. For instance within a mixing process the reduc-
tion of the velocity gradients due to the action of viscosity reduces the ki-
netic energy of the flow; in other words, mixing acts as a dissipative process
that converts the energy irreversibly into internal energy of the fluid (heat).
This process was first suggested by Richardson [307] and is called the tur-
bulence energy cascade [294]. The first concept of the energy cascade is that
the turbulence can be composed of eddies of different sizes. As explained by
Richardson [307], breaking up of the large eddies (which are unstable) trans-
fers the energy to rather smaller eddies. This break up process continues until
the Reynolds number is sufficiently small that the eddy motion becomes sta-
ble, and the role of the molecular viscosity in dissipating the energy becomes
effective.

4.2.2 Turbulence Numerical Simulation

The mechanism common to all turbulence phenomena is the cascade of en-
ergy from the largest structures of the body size that generates the turbulence
up to the finest structures of the order of magnitude of the Kolmogorov scale
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η. The transfer of energy from large to small scales takes place through the
non-linear and pressure terms with an essentially non-viscous process which
therefore does not dissipate energy. Most of the flow energy is in the large
scales, while the dissipation occurs at the small scales and the former are in
constant equilibrium with the latter across the range - inertial [374]. Unfortu-
nately, for flows with a high Reynolds number, the difference in size existing
between the largest and smallest scales becomes huge and at some point in
the cascade it is necessary to make a cut beyond which to use a model; the
difference existing between the various calculation techniques consists pre-
cisely in the position of the ’cut’ in the cascade or, in other words, in which
motion scales one is willing to calculate and which ones to model.

DNS Simulation

The most obvious technique is to apply no cut to the scales of motion and
simulate them all, from the LG dimension of the body, around or within, the
flow occurs up to the Kolmogorov scale.

It can be demonstrated that for performing a DNS of a cube of volume
L3 are necessary Ntot = N ≈ Re9/4 calculation points. Although this es-
timate grows rapidly enough with the Reynolds number advising to avoid
this approach already for moderate values it worths underlying that it is an
optimistic estimation In fact, since the integration of the equations must be
performed with a time step Δt discrete, this must be commensurate with the
dynamics of the flow. As a rule of thumb we can state that, in the current state
of things, the direct simulation of a flow at a Reynolds number of a few thou-
sand already constitutes a challenge for modern supercomputers even if it is
limited to a simplified geometry. If we then add the geometric complexities
of industrial applications, and the inhomogeneities of the flow, we conclude
that the direct simulation of turbulence, i.e. the solution of the Navier Stokes
equations without any model, does not constitute a possibility of investiga-
tion of practical problems even in the coming decades. This continues to be
true even assuming a growth in computing power similar to the past, ie with
a doubling of the processing speed every 18 months, as has occurred in the
last three decades (Moore’s law).

Reynolds averaged Navier Stokes (RANS) Modelling

RANS solves only for the mean flow quantities modelling all the details of
turbulence. It is based on the statistical Reynolds decomposition which in-
dicates that an instantaneous quantity φ(x, t) certain point in a fluid domain
can be defined as the sum of a mean averaged value and a fluctuation about
that value as:

φ(x, t) = φ(x, t) + φ�(x, t) (4.8)

where φ(x, t) and φ�(x, t) denote averaged and fluctuation components of
quantity φ(x, t), respectively. RANS formulation was originally developed
for incompressible flows by replacing velocity and pressure terms of the
Navier-Stokes equations with their Reynolds decompositions. Infact, for the
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i-th components of the velocity vector and for pressure, u = u + u� and
p = p + p� are substituted in to the Navier-Stokes equations, respectively.
The RANS formulation of the incompressible Navier-Stokes equations are
well documented and are not included in the current thesis and the reader
is referred to literature publications for further information [351, 374]. How-
ever, the current study mainly focuses on compressible flows in which den-
sity may vary significantly due to pressure variations hence it enters into the
averaged form of Navier-Stokes equations. For the fluid flows with variable
density, [112] developed statistical equations by applying a mass-weighted
average method. This helped avoid the introduction of a number of extra
terms in the governing equations. Favre separates a transport quantity n into
a mass-averaged part (Favre-averaged) ñ and a fluctuation n�� such that:

n ≡ ñ + n�� with ρ̄ñ ≡ ρ̄n and ρn�� ≡ 0 (4.9)

where double prime denotes the fluctuating part with respect to the Favre
averaging and over bar represents the Reynolds averaging. By substitut-
ing the Reynolds decomposition of density and pressure and the Favre de-
composition of velocity and internal energy in to the governing equations
(Equations 4.1, 4.2 and 4.3) the time averaged governing equations for den-
sity, momentum and energy are obtained as presented in Equations 4.10-4.12,
respectively.

∂ρ̄

∂t
+

∂

∂xi
(ρ̄ũi) = 0 (4.10)

∂

∂t
(ρ̄ũi) +

∂

∂xj

�
ρ̄ũiũj

�
+

∂ p̄
∂xi

− ∂σij

∂xj
+ ρu��

i u��
j = 0 (4.11)

∂

∂t
(ρ̄Ê) +

∂

∂xj

�
ρ̄ũj Ĥ

�
− ∂

∂xj

�
ũiσij − ũiρu��

i u��
j

�
+

∂

∂xj
qj = 0 (4.12)

The "hat" symbol in E and H in equation 4.12 indicates that the quantity is
based on filtered variables as:

Ê = ẽ +
1
2

ũiũi (4.13)

A = ẽ +
1
2

ũiũi +
p̄
ρ̄

(4.14)

The averaged equation of state for a calorically perfect gas may also be writ-
ten as:

Term ρu��
i u��

j is called Reynolds stress tensor. It should be noted that it
is not actually a true stress in the conventional sense of the word and just
represents the mean momentum fluxes induced by the turbulence.

Capturing the effects of these fluxes is achievable by pretending ρu��
i u��

j

is a stress. Trying to get an equation for ρu��
i u��

j results in creating a new

term, ρu��
i u��

j u��
k and a further unknown variable, u��

k . Attempting to find an
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equation for the latter third-order correlation will result in a fourth-order cor-
relation. The key point is that there are always more unknowns than equa-
tions in modelling turbulence with statistical description which means that
the system of equations is not closed. This is known as the "closure prob-
lem of turbulence" which is a common characteristic of non-linear dynamical
systems. In order to close the system, some additional information must be
introduced. For almost a century, engineers have plugged this gap using the
so-called eddy-viscosity hypothesis and this still form the backbone of engi-
neering turbulence [294]. In fact, the Reynolds stress tensor can be estimated
using the Boussinesq approximation for compressible flows as:

− ρu��
i u��

j = µt

��
∂ũi

∂xj
+

∂ũj

∂xi

�
− 2

3
∂ũk
∂xk

δij

�
− 2

3
ρ̄kδij (4.15)

where µt is called turbulent viscosity and k is the turbulent kinetic energy
defined as:

k =
1
2

ρu��
i u��

i
ρ̄

(4.16)

A suitable expression is required for µt in order to close the set of the av-
eraged governing equations. Various models were proposed to estimateµt.
Prandtl suggested that the turbulent viscosity might be considered to be di-
rectly proportional to a turbulent velocity scale and a turbulent length scale
that is called the mixing length. However, there are two major drawbacks
for this definition for µt. First is that this definition is highly flow dependent
and second is that it is not capable of estimating µt in the absence of mean
strain rate [374]. Later, in order to obtain a more realistic definition for the
turbulent viscosity it was suggested that µt could be considered proportional
to the square root of k and a turbulent length scale. Then, in order to obtain k
an additional transport equation is coupled to the aforementioned governing
equations in order to create a determined set of equations hence this method-
ology is typically called "one-equation" eddy viscosity model. A drawback
of this model is that the mixing length needs to be estimated using empiri-
cal assumptions that makes its application limited particularly for complex
flows [294]. Therefore, "two-equation" models were suggested that a second
transport equation is incorporated in order to calculate the aforementioned
turbulent length scale. The choice of variable for the second transport equa-
tion is not restricted, however, the most validated models used either dis-
sipation rate � or ω = �/k, the dissipation rate per unit turbulence kinetic
energy. In case of a two equation model based on the dissipation rate the
turbulent viscosity is defined as:

µt = Cµ
ρk2

ε
(4.17)

where Cµ the closure coefficient and is typically kept constant. One of the
most famous two-equation eddy viscosity models, also used in this work
was proposed by Launder and Spalding (1974) and is called the "Standard
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k-�".

Large eddy simulation (LES) Modelling

The concept behind the LES approach is to model the smaller scales, which
are universal and not affected by the flow geometry, while explicitly solving
the larger ones. This is performed by mathematically filtering the governing
equations and introducing the so called Sub-Grid Stress (SGS) tensor (τsgs)
[294].

Typically the filtering is performed adopting the low-pass filter intro-
duced by Leonard (1974):

U(x, t̄) =
�

D
G(r, x, Δ)U(x − r, t)dr (4.18)

where the integration is over entire flow domain D, and G is the filter func-
tion (with filter width of Δ) which is typically associated with the grid spatial
resolution (cube root) and satisfies the normalization condition as:

�
G(r, x)dr = 1 (4.19)

Using the Favre averaging and applying the LES filtering to the Navier-
Stokes equations results in formation of residual-stress tensor due to the ex-
istence of non-liner terms (Pope, 2000). The Sub-Grid Stress (SGS) tensor is
defined as:

τSGS = ρ̄
�

˜uiuj − ũiũj
�

(4.20)

where ρ̄ denotes the filtered density. The deviatoric part of the Sub-Grid
Stress (SGS) tensor is defined as:

τD
SGS = τSGS −

2
3

krδij (4.21)

where kr is the residual kinetic energy defined as

kr ≡
1
2

τR
ii (4.22)

In order to form a determined set of governing equations a Boussinesq
type hypothesis may be used in order to model the deviatoric part of the
residual stress tensor as:

τD
SGS = −2ρ̄vsgs

�
Ṡij −

1
3

δijS̃kk

�
(4.23)

where vsgs is the sub-grid kinematic viscosity.
The SGS term modelling involves an eddy viscosity approximation. Smagorin-

sky [343] was the first to suggest an expression for vsgs as:

vSGS = C2
s Δ2

�
2SijSij (4.24)
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where C2
s is called the Smagorinsky constant and is calculated using the local

equilibrium analysis and a Kolmogorov spectrum as Cs = 1
π (3K0/2)−3 /4,

where K0 typically equal to 1.4 which lead to a Smagorinsky constant of ∼ 0.1
be noted that K0 is flow dependant (a function of Reynolds num parameters)
and can be interpreted as the ratio of the mixing len scale to the filter cut-off
length Δ =

�
ΔxΔyΔz

�1/3 (Pope, 20 constant is normally ranged between 0.1
and 0.2 .

In this work a one-equation eddy viscosity model for compressible flows
was adopted [147, 413]. This kind of approach, which is different from zero
equations models, uses a transport equation to compute the local SGS kinetic
energy ksgs. Then, the sub grid scale eddy viscosity νsgs is calculated using
the ksgs field and the filter dimension Δ (usually evaluated from the grid size)
according to the following relation:

νsgs = CkΔ
�

ksgs (4.25)

where Ck is a model constant whose default value is 0.094.
Finally, using this parameter, an effective viscosity (µe f f ) is obtained and

used for the solution of the governing equations (4.1-4.3) [134].

4.3 The Finite Volume Method

In order to solve the partial differential equations governing fluid flows they
should be discretized on the computational domain. Discretization converts
the partial equations into sets of solvable linear equations. Various discretiza-
tion methods are available but Finite Volume (FV) method is the most prac-
tical and common approach for CFD applications [374].

All governing equations of fluid dynamics can be written in the form of
general transport equation which for a generic property φ = φ(x, t) consid-
ered continuous in space, given as:

∂φ

∂t
+∇ · (Uφ)−∇ ·

�
Γφ∇φ

�
= Sφ(φ) (4.26)

where ∂φ/∂t is the unsteady term, ∇ · (Uφ) is the convection term, ∇ ·�
Γφ∇φ

�
is the diffusion term, Sφ(φ) is the source term and Γφ is the diffu-

sivity. Diffusion term includes the second derivative of φ therefore Equation
4.26 is a second-order partial differential equation. For accuracy it is nec-
essary to have an equal or higher level of discretization than the order of
equation that is being discretized. The FV method requires the integral form
of Equation 4.26 is satisfied over the control volume VP around point P. The
integral form of Equation 4.26 can be derived as [160].

� t+Δt

t

�
∂

∂t

�

VP

φdV +
�

VP

∇ · (Uφ)dV −
�

VP

∇ ·
�
Γφ∇φ

�
dV
�

dt

=
� t+Δt

t

��

VP

Sφ(φ)dV
�

dt
(4.27)
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Assuming the control volume is bounded by a series of flat surfaces a
second-order accurate discretised form of the general form of Gauss’s diver-
gence theorem,

�
V ∇ · adV =

�
S a · dS, can be formulated as:

(∇ · a)VP = ∑
f

Sa f = ∑
owner

Sa f + ∑
Neighbour

Sa f (4.28)

The subscript f implies the value of the variable a in the middle of the face
and S is the outward- pointing face area vector. The face area vector S points
outward from P only if f is owned by P. This forms the idea of ’owner’ and
’neighbour’ cells as stated in Equation 4.28 [160]. FV discretization of each
term of Equation 4.27 are typically obtained as follows.

4.3.1 Convection Term Discretization

The discretized form of the convection term is obtained applying Equation
4.28 into the transport equation 4.27:

�

VP

∇ · (Uφ)dV ≈ ∑
f

S · (Uφ) f = ∑
f

S · (U) f φ f = ∑
f

Ff φ f (4.29)

where F represents the volumetric flux through the face f . In order to
evaluate Equation 4.29 the volumetric flux Ff and the face value of φ f are re-
quired to be obtained by interpolating the values of U and φ at the centroids
of neighbouring control volumes. The interpolation employed depends on
the convection discretization scheme. There are several convection differenc-
ing schemes available which can be summarized as follows:

• Central Differencing (CD) is a second order accurate linear interpola-
tion scheme. It assumes that the linear variation of φ between the cen-
troids of P and N is calculated as

φ f = w f φP +
�
1 − w f

�
φN

where the weighting factor is w f =
��S · d f N

�� / |S · dPN | and d repre-
sents the vector connecting the centroids of two control volumes. It
was noted that central differencing causes unphysical oscillations when
convection is dominated hence violating the boundedness of the solu-
tion [374]

• Upwind Differencing (UD) was developed to overcome the problem
of oscillatory solutions and make the convection term unconditionally
positive (Jasak, 1996 ). The face value of φ is calculated according to the
direction of the flow. This discretisation practice first-order accurate
and it requires high grid resolution to achieve accurate solutions.

• Blended (Gamma) Differencing was introduced as a linear combination
of the central differencing and upwind differencing to prescrve both
boundedness and accuracy of the solution. Though none of these is
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guaranteed because the behaviour of the scheme depends on the a pri-
ori definition of the blending factor

• Flux-Limited Schemes is a typically second-order accurate practice that
developed based on a nonlinear combination of the first-order ’diffu-
sive’ bounded scheme (UD) and a ’limited’ higher order unbounded
scheme. The flux-limiters, that are designed to provide boundedness in
the solution, must satisfy particular boundedness criteria with the most
important one is the Total Variation Diminishing (TVD) criterion [374].
In order to comply with the TVD condition the flux-limiter should lie
in the Sweby’s diagram. Various flux-limiters of this type were devel-
oped including van Leer [358], Monotonic Upstream-Centred Scheme
for Conservation Laws (MUSCL) limiter (van Leer, 1979 ) and Superbee
limiter (Arora and Roe, 1997 ). Various other flux-limiter methodologies
are also available which can be found in literature [160, 306, 374] .

• Central Flux-Splitting Schemes such as central scheme of Kurganov and
Tadmor (2001) are second order accurate non-oscillatory techniques in
which the face interpolation method is split into two directions, one
inward and one outward of the face. A TVD-based scheme may be
used to evaluate each component of the associated flux.

• Advection Upstream Splitting Method (AUSM) is considered as a sec-
ond order accurate technique developed based on the UD concept. AUSM
uses a flux splitting principle similar to van Leer; specifically, AUSM
splits the inviscid fluxes into two physically distinct parts i.e convec-
tive (associated with the flow speed) and pressure (associated with the
acoustic speed). AUSM is relatively accurate in modelling flows with
embedded shock wave and/or contact discontinuity. Various types of
this scheme i.e. AUSM + and AUSM + -up were also developed [222].
The latter one is the most advanced type with the ability of modelling
fluid flows with arbitrary velocity range.

4.3.2 Diffusion Term Discretization

The diffusion term is discretized in a similar way to the convection term. In
fact, using the assumption of linear variation of φ and applying Equation 4.28
gives discretised version of the diffusion term as:

�

Vp
∇ ·

�
Γφφ

�
dV ≈ ∑

f
S ·
�
Γφφ

�
f = ∑

f

�
Γφ

�
f S · (∇φ) f (4.30)

where Γφ is the diffusivity and (∇φ) f is the face gradient of φ.
All terms in general equation of transport (4.27 ) which cannot be ex-

pressed as convection, diffusion, or temporal terms are grouped into the
source term. If the source term is dependent on φ then linearization should
be carried out as:

S(x, φ) = Sc(x, φ) + Sp(x, φ)φ(x) (4.31)
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Integration of Equation 4.31 on a control volume results in the discretized
form of the source term as:

�

VP

Sφ(φ)dV = ScVP + SpVPφP + eSource (4.32)

where Sc and Sp may also be functions of φ.

4.3.3 Temporal Discretization

The discretisation of time-dependent terms is performed on a semi-discretised
form of transport equation where the spatial terms were already approxi-
mated by a proper discretization method. Temporal discretization on a semi-
discretised transport equation can be written as:

� t+Δt

t

�
∂

∂t

�

Vp
φdV

�
dt = VP

�
φn

P − φ0
P

�
=
� t+Δt

t
f (t, φ(x, t))dt (4.33)

where the subscripts n and 0, represent new and old time respectively
and f (t, φ) contains all spatial terms. The important part of the temporal
discretization process is to approximate

� t+Δt
t f (t, φ)dt term which cannot be

evaluated exactly. Based on this different temporal discretization practices
are ayailable that can be summarized as

• Euler Explicit method integrates the spatial terms by using the values
at the beginning of the time intervals by assuming:

� t+Δt

t
f (t, φ(x, t))dt = f (t, φ(x, t))Δt

this scheme is stable for Courant numbers (Co = |U|Δt/h), less than
0.5. Here |U| is the velocity magnitude and h is the cell size [374] .

• Euler Implicit method evaluates the spatial terms in f (t, φ) using φn

which are obtained by solving a coupled system of algebraic equations.
This is first order accurate but, unlike the explicit method coupling in
the equation system is much stronger and the system is stable even if
the Courant number limit is violated.

• Crank-Nicholson is a second order accurate time discretisation practice
that requires evaluation of spatial terms for old and new time steps.
Because the values of φn are not known at the new time, a system of
algcbraic equations are solved in each time step. This method can be
formalized as:
� t+Δt

5
f (t, φ(x, t))dt =

1
2

�
f
�

t, φ
�

x, t0
��

+ f (t, φ (x, tn))
�

Δt (4.34)

• Backward Differencing is a scoond-order accurate in time temporal dis-
cretization scheme. This method uses thrce time levels. The recent time
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level is the second old time which can be derived using Taylor series,
as:

φ(t − Δt) = φ00 = φn − 2
∂φ

∂t
Δt + 2

∂2φ

∂t2 Δt2 + O
�

Δt3
�

(4.35)

then the backward differencing temporal approximation can be derived
as [160]:

∂φ

∂t
=

3
2 φn − 2φ0 + 1

2 φ00

Δt
(4.36)

• Explicit Runge-Kutta (RK) is the standard approach for solving partial
differential equations in form of dφ/dt = g(t, φ). Various formulations
of RK method are available, here the classical fourth order RK method
(RK4) is discussed. Aforementioned equation can be rearranged as:

dφ = dt[g(φ, t)] (4.37)

where g(φ) includes all the aforementioned differential terms. The RK4
method estimates φn as:

k1 = g
�
t0, φ0�Δt

k2 = g
�
t0 + Δt/2 · φ0 + k1/2

�
Δt

k3 = g
�
t0 + Δt/2 · φ0 + k2/2

�
Δt

k4 = g
�
t0 + Δt, φ0 + k3

�
Δt

φn = φ0 + a1k1 + a2k2 + a3k3 + a4k4
tn = t0 + Δt

(4.38)

4.3.4 Solution Of The Algebraic Equations

Spatial and temporal discretizations produce an algebraic equation that re-
lates face and cell values of φ and ∇φ for both old and new time level around
cell-centre P and the cell-centre of the neighbour cell N. This equation is
formulated as [160]:

apφn
P + ∑

N
aNφn

N = Rp (4.39)

The values of φn
P depends on the values in the neighbouring cells therefore

a system of algebraic equations are formed as:

[A][φ] = �R]

where [A] is a sparse matrix with coefficients aP on the diagonal and aN off
the diagonal, and [R] is the source term vector. Solving the set of equations
(introduced as vector Equation 4.39) produces a new set of φ values for the
new time step.

Generally there are two main algorithms to solve the governing equations
of fluid flow: pressure-based and density-based. Historically, pressure-based
algorithms were proposed to simulate incompressible, low-Reynolds num-
ber flows. Originally these methods solved the equations of fluid motion
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in a segregated fashion, but more recently were extended to couple solu-
tions for high-Reynolds number and compressible flows as well. It worth
mentioning that the solution procedures can be classified also in segregated
and coupled algorithms. In the segregated approach the set of algebraic
equations is solved sequentially which means once solving for one variable,
other variables are treated as known. On the other hand, in coupled of si-
multaneous approach the system of equations are solved concurrently over
the whole computational domain. After discretizing the momentum Equa-
tion 4.2 the pressure gradient term is written separately and not included in
the source term Sφ(φ) as the pressure is treated as an unknown [374]. This
means that velocity and pressure are coupled together with linear depen-
dency. Therefore, in a segregated approach special treatments are required
in order to establish the necessary inter-equation velocity-pressure coupling.
Semi-implicit method for pressure-linked equations, known as SIMPLE al-
gorithm [351, 374] and pressure implicit with splitting of operators (PISO)
algorithm developed by Issa [351, 374] and their derivatives are the most
popular methods in handling this inter-equation coupling. For the coupled
approach the solution matrix include the inter-equation couplings and there
is no need for a velocity-pressure coupling algorithm. In both pressure-based
and density-based approaches velocity field is obtained from the momentum
equation. Then for the pressure-based algorithm, pressure is obtained from
a velocity-pressure coupling algorithm while in a density-based solver pres-
sure is obtained from an equation of state and density (density is already
obtained from the continuity equation). In low Mach conditions and partic-
ularly within the incompressible limits (Ma < 0.3) the compressible govern-
ing equations become stiff. This is because, the variation of density becomes
minute thus the pressure calculated using density and the equation of state
is not associated entirely with the velocity field obtained from the conserva-
tion of momentum. Therefore, extra treatment is required if it is to develop
a computational framework for arbitrary Mach number from the subsonic
to the supersonic limits. For a coupled density-based approach "precondi-
tioning’ in conjunction with ’dual time-stepping’ is typically used in order
to overcome the stiffness of the governing equations for low Mach number
flows. Although implicit pressure treatment techniques such as SIMPLE and
PISO were originally developed for incompressible flows, their concept were
extended to the compressible flows and can be considered as solutions for ob-
taining a compressible numerical framework (segregated) for all flow speeds
[].

4.4 Liquid Spray CFD Simulation

The simulation of a multi-phase flow can be performed using different ap-
proaches accordingly to the particular phenomenon considered. In typical
fuel sprays the liquid fuel is disrupt into a number of droplets up to 108

with average diameters in the ten-micrometer range. These numbers sug-
gest to chose a different approach rather than the classical FV method have
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to be adopted. The established method uses a Lagrangian approach follow-
ing the droplet’s evolution within the computational domain. However, the
large number of droplets presents in the computational domain make it pro-
hibitive to resolve each single droplet in numerical simulations. Instead,
some kind of statistical averaging technique becomes necessary with addi-
tional sub-models in order to describe the subscale processes.

Generally the problem can be defined by the so-called spray equation
[401]. In this approach the probable number of drops per unit volume at
time t, that are located between position �x and �x + d�x and characterized by
a velocity between �v and �v + d�v, a radius between r and r + dr and a tem-
perature between Td and Td + dTd is described with the probability density
function f . Since both the droplet position �x and its velocity �v have three
spatial coordinates, f has a total of nine independent variables:

probable number of droplets
unit yolume

= f (�x,�v, r, Td, t) d�vdrdTd (4.40)

It should be underlined, that the above formulation is based on the assump-
tion that the droplets are ideally spherical and that their size or mass is thus
explicitly defined by their radius r. However, this assumption is valid only if
the relative velocity between gas and droplet is small, which is not generally
the case in typical engine sprays. Especially, in the vicinity of the injection
nozzle considerable relative velocities between liquid and gas phases are en-
countered, such that aerodynamic forces cause droplet distortion and even
droplet breakup. Therefore, in most CFD-codes applied for engine simula-
tions with spray combustion, two additional independent variables are in-
cluded in the distribution function: the droplet distortion parameter y and
its temporal rate of change ẏ. Thus, f becomes a function of eleven indepen-
dent variables, and Equation 4.40 is:

probable number of droplets
unit volume

= f (�x,�v, r, Td, y, ẏ, t) d�vdrdTddydy (4.41)

The temporal and spatial evolution of the distribution function is described
by a conservation equation which can be derived phenomenologically in
analogy to the conservation equations of the gas phase. It is commonly re-
ferred to as the spray equation and can be written as:

∂ f
∂t

=− ∂

∂xi
( f vi)−

∂

∂vi
( f Fi)−

∂

∂r
( f R)− ∂

∂Td

�
f Ṫd

�
− ∂

∂y
( f ȳ)− ∂

∂ẏ
( f ẏ)

+ ḟcoll + ḟb
(4.42)

�F denotes a force per unit mass, i.e. an acceleration. Thus the component
Fi is the acceleration along the spatial coordinate xi (Fi = dv/dt) .R, Ṫd and
ÿ are the time rates of change of droplet radius r, temperature Td and oscil-
lation velocity ẏ. The source terms ḟcoll and ḟb account for changes in the
distribution function due to droplet collision and breakup, respectively.

By solving the spray equation, the so-called source or exchange terms
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can be obtained, that describe the interactions between the liquid and gas
phases. In order to assure conservation of mass, momentum and energy of
the total (two-phase) system, these terms need to be included in the gas phase
conservation equations previously exposed . The source term accounting for
mass evaporation of the liquid droplets is

ρ̇� = −
�

f ρi4πr2Rd�vdrdTddydẏ (4.43)

The rate of momentum gain due to droplet drag, body forces and evaporation
is

ρs�Fs = −
�

f ρl

�
4
3

πr3�F� + 4πr2R�v
�

d�vdrdTddydy (4.44)

the energy transfer between gas and droplets by evaporation, heat transfer
into the droplet and work due to turbulent fluctuations is

Q̇� =−
�

f ρt

�
4πr2R

�
ud +

1
2
(�v − �u)2

�
+

4
3

πr3
�
cp,dṪd + �F� ��v − �u − �u���

�

· d�vdrdTddydẏ
(4.45)

and the dissipation of turbulent kinetic energy due to droplet dispersion is
given by

Ẇs = −
�

f ρl
4
3

πr3�F� · �u�d�vdrdTddydẏ (4.46)

In Equations 4.43 to 4.46 the superscript s indicates that the source terms are
due to spray effects (as opposed to effects of chemical reactions that will be
denoted by superscript c ). �F� is the difference between �F and the gravita-
tional acceleration �g, (�v −�u) is the relative velocity between droplets and gas
phase, and �u� is the turbulent fluctuation of the gas velocity. Note, that in
Equation 4.44 ud denotes the specific internal energy of the droplet and is not
to be mistaken for the gas velocity �u.

The simulation solution of the spray equation can be performed using the
continuum droplet model (CDM). CDM is the direct solution of such equa-
tion thanks to a finite volume (or difference) Eulerian scheme for both gas
and liquid-droplets phases. Unfortunately such model requires huge compu-
tational resources and so it is not used [351]. Differently, the discrete droplet
model (DDM) describes the spray’s droplets with stochastic groups of parti-
cles called parcels. These parcels represent classes of identical droplets and
they are tracked through the computational domain (Lagrangian approach).
Coupling between the Eulerian and the Lagrangian fields is performed by
solving the gas flow field and, initially, neglecting the presence of any spray
particles in the flow. Using such gas phase results, the droplet trajectories
together with the mass, momentum and energy exchanges between the two
phases are calculated . Hence, the gas phase is recalculated, now including
the source terms due to the spray particles, and the whole procedure is re-
peated iteratively until the convergence criterion is met [242, 351].
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In this way, using a proper number of parcels, a discretised solution can
be calculated and it becomes representative of the spray evolution.

Both methods do not directly solve the gas-droplet interface due to com-
putational limitations and so additional sub-models must be used to describe
these phenomena. In this regard can be mentioned:

• breakup model;

• turbulent dispersion-diffusion model;

• drop drag model;

• collision model;

• coalescence model;

• vaporization model.

Further details regarding all sub-models including the latest research activi-
ties performed in the field of liquid spray simulation are reported in chapter
5.
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Chapter 5

Gasoline Direct Injection Engines -
Latest Technologies and Trends

5.1 Overview of the Chapter Topics

In this chapter a quick and, as far as possible, complete reference guide to
GDI engines, was reported. The intention was to highlight the most interest-
ing topics and the most relevant works that have been done in these recent
years. The idea is to follow the journey of a gasoline droplet through the
engine, beginning from its breakup and ending at the exhaust duct when
it becomes a pollutant particle. In this chain of events, the injection process
plays a relevant role, and for this reason it is the common thread of this work.

Spark-ignition direct injection engines are widely recognised as a key
technology to comply with the ever increasing emission standards limita-
tions. In the past, gasoline engines exploited port fuel injection systems (PFI),
but today gasoline direct injection (GDI) systems are becoming prominent,
allowing a massive engine downsizing, a relevant emission reduction and
significant operating performance enhancement. To implement such tech-
nique a deeper knowledge of the phenomena that take place during an en-
gine cycle is fundamental. The gasoline jet breakup modality and distribu-
tion quality within the combustion chamber are the main factors that affect
many events, such as mixture formation, combustion quality and emission
amounts. For this reason, innovative experimental and numerical techniques
have been used to study the spray breakup process. Mie scattering, schlieren
and shadowgraphy imaging techniques allow the recording of the developed
spray shape. With phase Doppler particle anemometry (PDPA), the parti-
cle speed and diameter can also be measured. The spray’s near-nozzle flow
field measurement is gaining interest, especially with the new multi-hole and
high-pressure injectors. For this purpose, to highlight the fluid flow and lo-
cal phenomena such as cavitation, X-ray imaging and instrumented injectors
are used. Lately, still on the subject of experimental spray characterisation,
the flash-boiling process is gaining attention. This occurs when the fuel is at
high temperature and consists of a sudden phase change of the jet that can
significantly improve the spray’s atomisation quality. It is observed usually
with ultra-fast X-ray and PDPA methods.

Alongside experimental activities, with the growth of computational re-
sources available everywhere, physical sub-models that allow a consistent
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simulation of the injection process are embedded into CFD codes. The clas-
sical methodology used to represent such process is called DDM which uses
an Eulerian-Lagrangian statistical approach in acceptable timeframes. In this
way the overall breakup process is well represented (especially in the far
field) using the Kelvin-Helmholtz Rayleigh-Taylor and the Reitz-Diwakar
models. DDM method has some limitations especially concerning the rep-
resentation of the near-nozzle zone flow and so, recently, interesting new
methods based on different approaches, are gaining attention. These are
mainly VOF model, Eulerian-Eulerian method, level set method and ELSA
model. The exact turbulent flow solution known as direct numerical simu-
lation (DNS) must be mentioned and today we can report the first attempts
to use DNS to study the injector’s near-nozzle flow. This is a zone where ex-
perimental techniques often cannot provide measurement, and so the results
of these simulations are becoming very important because they can be used
to validate other models. The spray is usually studied by trying to repro-
duce engine-like conditions and highlighting the effects of thermodynamic
parameters on the spray shape, penetration and pulverisation.

The relatively small dimensions of the combustion chamber and the jet’s
speed easily involve the spray-wall impact and the consequent formation of a
liquid wall film. Avoiding the occurrence of wall impingement is recognised
as a key requirement to obtain clean combustion, reduce fuel consumption
and finally reduce emissions. These considerations, first raised years ago,
led to the development of both mathematical modelling and experimental
characterisation of these phenomena, but studies are always in development.
The last experimental observations provide a new classification of the impact
mechanisms. Smoothed particle hydrodynamics (SPH) and other models are
used in CFD simulations that are today able to reproduce the wall impinge-
ment and permit a comprehensive study of this phenomenon.

In the past and over the years, many different mathematical models have
been developed to study the various and complex events occurring during
the combustion process and, recently, attention was paid to the ignition pro-
cess and to anomalous combustion phenomena, knock and misfiring. The
Swept Volume method and the Triangulated Lagrangian Ignition Kernel are
examples of models used to provide a more accurate evaluation of early
flame kernel development and to capture new features of the flame prop-
agation. The variance equation and the Probability Density Function-based
knock model, the Tabulated Knock Model based on a tabulated chemistry
approach and on a RANS turbulence modelling framework, are example of
different approaches to study the occurrence of knock. A better prediction
of the in-cylinder airspeed fluctuation and, especially, of the instability of
combustion and the consequent cycle-to-cycle variability (CCV) of turbulent
flows, is obtained using LES turbulent combustion models, as the most ap-
propriate approach for CFD simulations, made possible today by the ever
increasing computational resources available. In GDI engines PM emissions
are much higher than in PFI engines. So, PM reduction has become a rele-
vant research topic. An examination of the literature on the subject reveals
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that knowing the soot formation mechanisms and optimizing the thermo-
dynamic processes, the engine design parameters and the composition and
physical properties of fuels are fundamental issues to avoid large amounts of
particulate emissions. Higher injection pressure values lead to a reduction of
the PN and of their mass, due to a more uniform air–fuel mixing process and
consequently the best vaporization. Injection and combustion (homogeneous
or stratified) strategies, strongly affect particulate emissions. Very interest-
ing is a multiple phase injection strategy that makes it possible to have the
shortest fuel jet length, an improved mixture formation process, a reduced
impact of the fuel on surfaces, and, finally, lower particulate emissions. Fuel
blends more volatile with a lower content of aromatic and olefin components
promote a good mixture formation and combustion and a reduction of par-
ticulate emissions. The addition of ethanol in the fuel reduces the gasoline
vapor pressure, enhances evaporation and thus reduces the particulates.

In literature attention is paid to phenomena of deposits and fouling, ex-
tremely important in SIDI engines as the injection system is in direct contact
with the combustion gases and exposed to high temperatures and pressures.
Significant injector fouling can lead to engine misfiring and drivability prob-
lems and can shorten the vehicle life. Finally, a small space, certainly not
exhaustive, was dedicated to some significant research activities concerning
low-temperature combustion engines. The GDCI engine is one of the most
promising technologies in this category, attracting a growing interest to re-
spect the increasingly stringent emissions rules. Indeed, it merges the high
efficiency of compression ignition engines with the low CO2, NOx and PM
emissions of spark ignition engines.

Following this literature review the attention will be focused on the ECN
Spray G injector’s spray characterization. In chapter 6 a numerical-experimental
investigation of the aforementioned spray is reported while in the chapter
7 the flash-boiling jets will be investigated. An innovative breakup model,
developed by the author, is presented in details and validated, thanks exper-
imental data, acquired at Istituto Motori - CNR - Naples.

5.2 Spray Breakup Process

The spray breakup process is a key element in internal combustion engines.
Disintegration of the liquid fuel flow into millions of droplets promotes a
rapid evaporation, produces a better air-fuel mixture and, finally, is an ef-
fective way to control the combustion process. So, the most relevant studies
carried out to characterise the spray morphology and its behaviour in an en-
vironment like the combustion chamber are analysed here.

In the last few years, various experimental procedures have been devel-
oped to capture images of the injection process at different thermo-fluid-
dynamic operating conditions which should be the most representative of
the engine conditions. The combustion chamber is an unfriendly measur-
ing environment: the turbulent gas phase, the flame itself and the particu-
lar thermo-dynamic conditions make it difficult to perform measurements
without altering the environment’s conditions. Experimental data are thus
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used by researchers to tune and validate CFD (computational fluid dynam-
ics) spray models that become powerful tools to understand such phenom-
ena.

The experimental and numerical results provide a better comprehension
of the operating condition’s effect on the spray characteristics, allowing us
to optimise the injection process and so to obtain low emissions and a more
efficient combustion.

The two-phase liquid fuel flow, originated from the injector, is shown in
Figs. 5.1 [39] and 5.2 [16] with some schematic representations.

FIGURE 5.1: Schematic representation of a liquid fuel spray.

The parameters that allow us to describe the jet morphology are mainly
the penetration length, cone angle and Sauter mean diameter (SMD), defined
as:

SMD =
∑Nd

i=1 d3
i

∑Nd
i=1 d2

i

(5.1)

where Nd is the overall number of droplets and di the i-th droplet’s diameter.
As the fuel, thanks to the high injection pressure, exits from the injector’s

holes at high speed, the liquid flow breaks into ligaments and further into
droplets (churning flow). In this dense or thick spray region, the jet assumes
a cone shape and the liquid droplets occupy a considerable volume fraction
with respect to the gas part. Going downstream (from left to right in Fig.
5.1) the distance between droplets increases due to the conical spray shape
and the volume fraction occupied by the gas too. This is the thin spray re-
gion. Here, as in the thick zone, the small relative distance promotes droplet-
droplet interactions such as collision and coalescence. Thus, the flow cannot
be treated without taking into account these phenomena. Finally, there is the
dilute or very thin region where the liquid mass fraction becomes negligible
and there are just isolated droplets surrounded by gas [304].
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FIGURE 5.2: Structure and shape of the free spray.

The breakage of the fuel spray into these droplets and filaments occurs in
two steps: primary and secondary breakup. Primary breakup takes places
just outside the injector’s hole and consists in the splitting of the intact liquid
core into the first droplets. A relevant pressure drop, across the injector noz-
zle, accelerates the liquid flow and consequently generates high levels of tur-
bulence at the gas-liquid interface that have a destabilising effect on the jet,
creating the condition for having the droplets breakup. Furthermore, at the
nozzle exit there is a reduction of the stream diameter (vena contracta) that,
according to Bernouilli’s law, leads to another static pressure reduction that
could be lower than the fuel vapour pressure and create cavitation bubbles
inside the nozzle. Once these bubbles are dragged out of the nozzle, they im-
plode and contribute to the disintegration of the spray. Behind the breakup
there is a last mechanism: on the droplet’s surface aerodynamic forces also
act, creating perturbations that end in rupture of the droplet [351].

Four different spray regimes can be identified depending on the values of
the Reynolds (Re) and Ohnesorge (Z) numbers: Rayleigh, first wind-induced,
second wind-induced and atomisation regimes [239, 271]. A more complete
definition that takes into account the gas-phase thermo-dynamic proprieties
was suggested by Reitz.

Rayleigh breakup, characteristic of low injection velocities, is driven mainly
by liquid inertial forces and by its surface tension, and the child droplets have
a diameter greater than the nozzle diameter. Gas-phase inertial forces be-
comes more and more important in the first wind-induced regime, where the
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FIGURE 5.3: Breakup regimes as a function of Re, Z and gas
density

surface perturbations due to the gas-liquid interaction can lead to breakup,
and in this case the droplet diameter is always greater than the nozzle dimen-
sion. A further increase of injection velocity brings the second wind-induced
regime, where aerodynamic forces play a key role. On the liquid surface
they generate disturbances with a shorter wavelength and so droplets with a
smaller diameter. The atomisation regime, characteristic of high-pressure in-
jectors, is reached with significant injection velocities and relatively high gas
density. In this condition, the spray has a conical shape, the particle diameter
is much smaller than that of the nozzle one, the breakup begins just out-
side the nozzle orifice or almost some diameter down-flow. A third variable,
the gaseous to liquid density ratio (ρg/ρl), was introduced to consider the
gas-phase thermodynamic conditions and so provide a much more complete
representation of different breakup regimesk, as shown in Fig. 5.3 [302].

Secondary breakup happens later, down-flow, when the droplets are sur-
rounded by the turbulent gas-flow, which creates aerodynamic forces on the
droplet surface. Such forces may be able to overcome the superficial ten-
sion and distort the spherical shape breaking the droplet again into parcels
of smaller dimensions. Quantitatively, the Weber number relates these two
kinds of actions that act on the droplets. Depending on the We number (We)
the secondary breakup can be classified in different regimes [207]. Figure 5.4
summarises this [399].

After the spray has broken up into small particles, due to the energy ex-
change with the surrounding air, the droplet evaporates. This is a fundamen-
tal process to achieve the correct mixing between fuel and air. A poor or a
too fast evaporation causes inefficient combustion and finally lead to the for-
mation of different pollutant species (unburned hydrocarbons and nitrogen
oxides) [301, 400].

The reduced space available and the great number of droplets present in
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FIGURE 5.4: Secondary breakup regimes as function of We.

the combustion chamber easily creates the conditions to have several droplet
collisions. This phenomenon inevitably has strong consequences on the mix-
ture formation and finally on the combustion quality. The occurrence of
droplets collision depends mainly on the directions of their velocity as well as
on the local void fraction. Depending on the collision Weber number, differ-
ent collision regimes can be identified: droplets can bounce apart elastically,
they can coalesce, separate again or remain together and, finally, they can
crumble into many tiny droplets [121, 297].

Table 5.1, in the follows, summarises the papers describing the spray’s
physical behaviour.

Process Short Description References
Breakup Liquid core rupture in ligaments and droplets [16, 39, 207,

304]
Breakup regimes [239, 271,

302, 399]

Evaporation Droplet’s phase change description [6, 342]

Collision
and coales-
cence

Impact between various droplets [121, 297]

TABLE 5.1: Spray Physics Summary Table
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5.3 GDI Spray Measurement Techniques

The set-up commonly adopted to study the injection process consists of an
injector mounted on a vessel equipped with optical windows that allow pic-
tures of the evolving spray to be captured. In this way, ambient conditions
similar to the combustion chamber can be recreated in terms of temperature
and pressure.

Spray measurement technologies can be classified depending on the spray’s
region of interest and the experimental technique used. Mie scattering, shad-
owgraphy and schlieren photography are the most common techniques used
to characterise the spray. Other techniques are also used: laser-induced fluo-
rescence, phase Doppler particle anemometry, X-ray phase-contrast imaging
and plenoptic imaging.

Mie scattering is elastically scattered light from particles that have a di-
ameter similar to or larger than the wavelength of the incident light. The Mie
signal is proportional to the square of the particle diameter [141, 283].

Schlieren photography is like the shadowgraph technique and relies on
the fact that light rays are bent whenever they encounter changes in den-
sity of a fluid [83]. Specifically, a schlieren image displays the deflection
angle, while a shadowgraph displays the ray displacement resulting from
deflection; besides, schlieren imaging requires a knife-edge object to cut the
refracted light.

The Mie scattering technique is used mainly to visualise the developed
spray liquid-phase shape (very thin or dilute region) and to measure the
spray’s penetration length or cone angle [151, 282]. The Mie scattering tech-
nique does not show the vapour phase of the spray, and so for this reason
the schlieren technique is usually used in order to have a complete fuel spray
representation [200]. The high-speed shadowgraph technique can also be
used for dense-spray regions such as the near-nozzle zone [138].

Laser-induced fluorescence (LIF) exploits the temperature dependence of
the absorption and emission spectra to measure the gas or liquid tempera-
ture [209]. The spray is excited with a single-wavelength laser light, and so
the temperature is evaluated from the ratio of fluorescence intensity in two
wavelength bands [402]. Lately, LIF is being used to characterise the evapo-
ration of the different chemical components of gasoline [34, 158], the spray’s
temperature-induced stratification dynamics [290], and, thanks to its capa-
bility to record both liquid and vapour phases, it is also exploited to study
the fuel’s droplet surface impact [276]. The quantitative knowledge of a fuel’s
vapour distribution and concentration within the engine is critical to enhance
the combustion process and evaporation modelling, which suffers of from a
lack of experimental data.

The phase Doppler particle anemometry technique (PDPA) measures, si-
multaneously, the size, velocity and concentration of spray particles. The
key feature of PDPA is its capability to provide quantitative values of such
spray parameters. Simultaneous measurement of both size and velocity al-
lows correlations to be made between these two quantities. The characteris-
tics of moving particles are obtained by utilising the laser Doppler effect [8,
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150].
PDPA has a physical limitation: it cannot be used in the near-nozzle field

(thick region) due to the spray’s high density. This problem was overcomed
by Payri R. et al. [285], making the measurement volume small enough to
allow a single droplet to pass through it [69, 345]. The near-nozzle zone is
very important because here primary breakup takes place [30]. However, it
is really difficult to capture images of the individual spray plume due to the
strong interaction effects with the surrounding air, persistent unsteadiness, a
relevant liquid mass fraction present in the spray flow, cavitation and flash
boiling [129, 337]. These conditions cannot be analysed with, for example,
Mie scattering, due to the severe absorption and scattering of the laser light
in the thick region [186, 217, 392].

Differently from the conventional laser methods, the main feature of X-
ray phase-contrast imaging (XPCI) is the ability to capture the upstream in-
ternal nozzle flow region. XPCI records the interference fringe pattern formed
along the liquid feature boundary. Thanks to the different densities or struc-
tures, it is possible to detect the inter-facial structures among the materials
[256]. In the last decade, XPCI was performed to study mainly the near-
nozzle spray behaviour with the final aim of correlating the injector’s needle
motion and nozzle geometry to the near-field flow characteristics [99, 186,
254, 255, 257].

Knowledge of the nozzle’s internal geometry is obviously fundamental
to studying internal and near-nozzle flows. Injector manufacturers rarely
release such information and so X-ray-based techniques alongside transpar-
ent or instrumented injectors are often used to perform experimental cam-
paigns [109, 316]. X-ray computed tomography (CT) allows researchers to
measure exactly the injector’s nozzle dimensions and study different aspects
of near-nozzle flow such as plume-to-plume variations in the mass fluxes
from the holes and their effects on the spray structure (especially the ECN
Engine Combustion Network Spray G [100]).

Figure 5.5 shows several different images of a spiral spray hollow-cone
nozzle [212].

Almost all the experimental pictures are 2D images, and only a few ex-
amples of 3D imaging techniques have been demonstrated. They are still
a challenge for many researchers, and some of them used special optical-
accessible engines. Plenoptic imaging is the first technique able to capture
3D structural information of a fuel spray [63]. A plenoptic camera records
the light field of a scene and not the light intensity, as is more common. Chen
H. et al. [62] used one to study the impact of engine operating conditions on
spray development. Observations made in the 3D images are in full agree-
ment with expectations and thus underscore the ability of plenoptic imaging
to capture 3D structural information about in-cylinder sprays.

In the last few years, a strong interest was growing around the flash-
boiling phenomenon. It consists in the sudden phase change of a fluid from
liquid phase to vapour phase and occurs in GDI engines operating at high
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FIGURE 5.5: Visible light (a), single frame X-ray radiograph (b),
X-ray CT images (c), and subsequent post-processing elabora-

tions of a spiral spray hollow-cone nozzle.

temperature levels [303]. During the injection process, due to the subsatura-
tion pressure conditions, the formation of vapour bubbles occurs in the liq-
uid fuel flow. The consequent explosion of these bubbles results in sudden
evaporation and catastrophic disintegration of the liquid jet. So, finally, flash
boiling is a potential way to enhance the atomisation level [340]. Visualisa-
tion of flash boiling is thus attracting the attention of many researchers, and
PDPA alongside ultra high-speed imaging techniques are widely used [10,
129, 167, 216]. Jiang C. et al. studied the impact of gasoline direct injection
fuel injector hole geometry on spray collapse [163] using PDPA.

Table 5.2, in the following, summarises the papers on spray measurement
techniques, broken down by research topic and technique type.
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Research Task Experimental
Technique

References

Developed spray liquid
phase

Mie scattering [141, 151, 282, 283]

Developed spray both
liquid and vapor phases

Schlieren, Shadowgra-
phy

[83, 200]

Developed spray tem-
perature measurement

Laser induced fluores-
cence (LIF)

[34, 158, 209, 276, 290,
402]

Developed spray’s par-
ticles size, velocity and
concentration

Phase Doppler
anemometry

[69, 285, 345]

Near-nozzle flow X-ray Phase Contrast
Imaging

[99, 186, 254–257]

Nozzle internal flow X-Ray Tomography [100]
Instrumented/Transparent
Injectors

[109, 316]

3D imaging in optical
engines

Plenoptic Camera
Imaging

[62, 63]

Flash Boiling PDPA [129, 163, 167]
Ultra-Fast Imaging [10, 216]

TABLE 5.2: Spray Measurement Techniques Summary Table

5.4 Mathematical Modelling of Liquid Spray

The simulation of an injection process involves the solution, besides the gas
phase fluid-dynamic governing equations, of the so-called spray equation
that describes the probable number of droplets in the unit volume as a func-
tion of eleven independent variables [401].The continuum droplet model (CDM)
is the direct solution of such equation thanks to a finite volume (or difference)
Eulerian scheme for both gas and liquid-droplets phases. Unfortunately such
model requires huge computational resources and so it is not used [351]. Dif-
ferently, the discrete droplet model (DDM) describes the spray’s droplets
with stochastic groups of particles called parcels. These parcels represent
classes of identical droplets and they are tracked through the computational
domain (Lagrangian approach). Coupling between the Eulerian and the La-
grangian fields is performed by solving the gas flow field and, initially, ne-
glecting the presence of any spray particles in the flow. Using such gas phase
results, the droplet trajectories together with the mass, momentum and en-
ergy exchanges between the two phases are calculated . Hence, the gas phase
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is recalculated, now including the source terms due to the spray particles,
and the whole procedure is repeated iteratively until the convergence crite-
rion is met [242, 351].

In this way, using a proper number of parcels, a discretised solution can
be calculated and it becomes representative of the spray evolution.

Both methods do not directly solve the gas-droplet interface due to com-
putational limitations and so additional sub-models must be used to de-
scribe these phenomena, such as the turbulent dispersion-diffusion model,
and drop drag model, spray breakup model.

The central core of fuel injection processes simulation is undoubtedly the
set of sub-models adopted. First of them to be mentioned is the breakup
model

The primary breakup model’s aim is to define the spray fluid-dynamic
conditions at the nozzle exit [103, 221]. The predominant mechanism of the
jet’s breakup is the growth and development of perturbations on the liquid
phase surface driven by aerodynamic actions, known as Kelvin-Helmholtz
instabilities. The most important and consistent breakup model, based on
such physical considerations, is the wave-breakup, or Kelvin-Helmholtz model
(KH), developed by Reitz [302].

Wave Breakup Model

The turbulent flow inside the nozzle creates perturbations on the jet’s liquid
surface of radius a. Such perturbations have an initial amplitude η0 and a
spectrum of wavelengths λ with wave number k = 2π/λ. The infinitesimal
axi-symmetric displacement is equal to:

η(t) = R(η0eikx+ωt) (5.2)

where ω is the growth rate.

FIGURE 5.6: Schematic representation of surface perturbations
in the wave-breakup model [304].

Assuming that the jet’s radius is much bigger than the perturbation’s am-
plitude (a >> η), free slip at the gas-liquid interface and gas phase as an
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inviscid fluid from Eq. (5.2) a further relation called the dispersion relation
can be obtained:
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where νl is the kinematic viscosity of the liquid phase; U the gas velocity at
the liquid interface; In and Kn are the nth order modified Bessel functions of
the first and second kind, respectively.

Using a numerical solution of this equation, Reitz obtained the relation
for the maximum growth rate Ω:
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and its corresponding wavelength Λ:
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The new droplets originated from the breakup have a radius that is lin-
early dependent on wave length ΛKH modulated by constant B:

rd = BΛKH (5.6)

The spray cone angle is proportional to the wave growth rate:
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with f (T) a function of the temperature and A a nozzle geometry con-
stant, while the intact core length is :

LKH =
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ρl
ρg

(5.8)
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Blob injection model

Reitz improved the wave breakup model, specialising it for the internal com-
bustion engine’s high-pressure injectors. He assumed that during injection
drops (so called blobs) are continuously injected, with a diameter comparable
to the nozzle’s hole dimension, subjected to Kelvin-Helmholtz instabilities. It
accounts also for the generation of child droplets and parent drop diameter
reduction.

The blob injection model calculates the maximum wave length and the
corresponding growth rate as done in the wave model (Eq. (5.4) and Eq.
(5.5)). Then the droplet radius is:

rd = B0ΛKH (5.9)

with B0 = 0.61 (breakup size constant) and for the atomisation regime is
given by the following relation [225]:

B0 = 0.3 + 0.6P (5.10)

where P is a random number in the range between zero and one.

FIGURE 5.7: Schematic representation of blob injection model
[300].

Differently from the wave model, these relations are valid if the calculated
rd is less than the parent droplet’s diameter (rd ≤ a). In the other case, one
time only can be used:

rd = min

� �
3πa2U/2Ω

�1/3

�
3a2Λ/4

�1/3 (5.11)

The parent droplets thus have a reduced radius described by

da
dt

= − a − rd
τKH

(5.12)

where τKH is the liquid breakup time equal to:

τKH = 3.726
B1a

ΛKHΩKH
(5.13)
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B1 is the breakup time constant and it can vary from
√

3 to 30 [284].
The KH model does not take into account the internal nozzle flow, but its

turbulent nature and the occurrence of cavitation have an unavoidable effect
on the primary breakup. Huh and Gosman’s modified model [148] and the
breakup model presented by Baumgarten C. et al. [40] try to take these effects
into account. In particular, the latter divides the nozzle orifice’s flow into
two zones: a first with a liquid core and a second where there are cavitation
bubbles and liquid filaments, and finally, exploiting energetic considerations,
it calculates the droplets diameter and spray cone angle.

LISA model

In order to achieve hollow-cone sprays, high-pressure swirl atomisers are of-
ten used in direct injection spark ignition engines. The situation is slightly
different from conventional injectors: the inner fuel flow, now shaped ini-
tially as ligaments and then as droplets, is exposed to a centrifugal force.
The LISA (linearised instability sheet atomisation) model was developed by
Senecal PK et al. [334] to describe this situation, considering the growth and
development of surface instabilities.

At the nozzle orifice of swirl injectors, a two-dimensional, viscous, in-
compressible liquid sheet of thickness 2h moves with velocity U through
a quiescent, inviscid gas medium. Similarly to the wave model, infinitesi-
mal disturbances grow on the sheet surface and they can be described by
Equation (5.2). In this case, there are two solutions of such equations, called
sinuous and varicose mode, and the first is suitable to describe engine appli-
cations [334]. For modern swirl-injectors, it can be assumed that: the second
order terms of viscosity can be neglected, the critical Weber number is ex-
ceeded (Weg = 27/16) and the gas-to-liquid density ratio is small enough
(ρg/ρl << 1), giving the dispersion relation equal to:
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An analogy with a cylindrical liquid jet’s breakup length allows us to es-
timate the ligaments breakup time:

ηb = η0 exp (Ωτb) ⇔ τb =
1
Ω
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where ηb is the critical amplitude at breakup. The relative breakup length
can be calculated with the hypothesis of liquid sheet constant velocity:
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while being ln (ηb/η0) = 12 [94] the ligaments diameter is:
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where Ks is the wave number Ks = 2π/Λs. Further ligaments breakup in
droplets is calculated using the analogy of Weber’s result for growing waves
on cylindrical, viscous liquid columns:
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Rayleigh-Taylor model

The overall breakup process, both primary and secondary breakup, is well
represented by the combination of the Kelvin-Helmholtz and Rayleigh-Taylor
(RT) models used together, as proposed by Liu Z. et al. [224]. The principle
behind the Rayleigh-Taylor model is that the liquid-gas interface becomes
unstable when the density gradient and fluid acceleration have opposite di-
rections [363].

The Rayleigh-Taylor model is based on the stability of the liquid-gas in-
terface accelerated in a normal direction. Drag forces create an acceleration
on the droplet surface equal to :
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(5.20)

where Urel is the relative velocity between the liquid and gas and r the droplet
radius.

Considering the same approximation done for the wave model, negligible
viscosity and a linear disturbance growth rate, the following relations can be
obtained for the fastest growing wave’s maximum growth rate:
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and wavelength
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The breakup time is equal just to the reciprocal of the frequency Ω:

tRT = Ω−1 (5.23)

while the child droplet’s diameter is proportional to the wavelength Λ:

rd = CRTΛRT (5.24)
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The KH and RT breakup models are usually used in combination and the
breakup mechanism to use is chosen time by time as the one that predicts the
shortest breakage time. Usually in the near-nozzle zone the RT breakup is
the governing mechanism, while farther away KH prevails.

Reitz-Diwakar model

Another valid model for secondary breakup is the Reitz-Diwakar model [305].
It introduces bag or stripping breakup processes depending on the Weber
number. In stripping breakup the liquid is stripped from the droplet’s sur-
face, while, with lower Weber number, a non-uniform pressure field leads to
the bag breakup.

This model is based on the work of Nicholls [264] and is suitable for sec-
ondary breakup. Depending on the We number, there are two breakup mech-
anisms:

Stripping breakup
We√

Re
>

1
2

(5.25)

Bag breakup We > 6 (5.26)

The break times associate with stripping and bag breakup are respec-
tively:

tstrip = C1
rd

vrel

�
ρl
ρg

(5.27)

and
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When the lifetime of unstable droplets reaches these values, breakup oc-
curs. The new drop size is calculated using either (Eq. 5.25) or (Eq. 5.26)
considered as an equality [300]. The unstable droplet diameter is allowed to
change, conserving the liquid mass.

Taylor-analogy model

The TAB model is based on a mass-spring-damper analogy. Supposing that
the liquid viscosity acts as a damper and the surface tension as a restoring
force, the motion equation is:
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where y = 2x/r is a dimensionless parameter that describes temporary
droplet distortion with r the droplet radius. Solving Equation (5.29), y = y(t)
can be calculated and if y exceeds unity, breakup occurs. So the characteristic
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time is equal to:
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for very low We numbers (We ≈ 6).
While:
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for high We numbers.
Finally, through an energetic balance between the surface and distortion

energy,the child droplet’s radius can be calculated from the following rela-
tion:

r
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8σ
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where r32 is the child droplet’s SMD.
The latest scientific works permit us to achieve a consistent optimisation

and improvement of such models. The KH-RT breakup model was applied
on the Engine Combustion Network (ECN) Spray G injector with an LES
(large eddy simulation) turbulence framework by Allocca L. et al. [15]. By
means of schlieren and Mie-scattering images, they validated the overall sim-
ulation and they highlighted that: the minimum cell size required to obtain
an accurate representation of spray-gas interactions is 250µm; a too high
number of parcels lead to an overestimation of the liquid penetration due
to an underestimation of the drag force; a higher content of turbulent kinetic
energy is present in the larger scales of flow; the plumes boundaries are the
areas of the spray where there is the highest probability of ignition.

Other simulations on the Spray G injector were performed by Paredi D.
et al. [278] with OpenFoam/Lib-ICE (a library specifically developed for the
internal combustion engine, within the OpenFoam open source-code). Huh-
Gosman for atomisation and Reitz-Diwakar for secondary breakup models
were adopted and tested over a wide range of injection pressures, ambient
temperatures and density. A unique set of parameters suitable for each op-
erating condition, with good accuracy, was found. Modification of the Reitz-
Diwakar C2 constant is needed only for the lowest ambient temperature and
density simulations.

Wang X. et al. [390] carried out a comparison of the Kelvin-Helmholtz
Rayleigh-Taylor (KH-RT) and Reitz-Diwakar (RD) breakup models tuned
with experimental data. They highlighted the differences of spray morphol-
ogy obtained from changing specific calibration constant values and simula-
tion parameters. Synthetically: the mesh sizes of 0.5 mm and 1.0 mm show
similar penetration for both the KHRT and RD models; coarse mesh (1.5 mm
or greater) results in a stronger breakup at the beginning of injection and a
larger SMD at the end of injection; the time step has a soft impact especially
at low back-pressures; the increase of the B1 and CRT constants, respectively
of the KH and RT models leads to a weaker breakup process and longer pen-
etration. The same behaviour was found with the RD model’s constants C1
and C2.
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A completely different physical approach underlies the Taylor analogy
breakup model (TAB) [274]. This method is based upon Taylor’s analogy be-
tween an oscillating and distorting droplet and a spring mass system [362]
(further details in paragraph 5.4). With this model the child droplets are usu-
ally all the same size. However, a Rosin-Rammler or a chi-square probability
density function is often used to achieve more realistic droplet dimensions
[274].

In the last decade, the injector’s internal and near-nozzle zones have re-
ceived attention because in GDI engines the fuel injector nozzle design can
strongly influence spray characteristics such as the breakup length, initial
droplet size, cone angle and exit velocity [45, 341]. Alongside previously
described breakup models there are other approaches that begin from dif-
ferent considerations than the ones used by DDM models, these not being
suitable for the dense spray region [89]. Indeed, the liquid phase is initially
a continuum (a liquid jet or film) and some basic hypotheses, such as low
liquid volume fraction and homogeneously distributed parcels in the com-
putational domain, are not valid until the primary breakup takes place [18].
Consequently, spray processes were studied by modelling the liquid-gas in-
terface with different approaches. One of these is the VOF (volume-of-fluid).
The principle of the volume-of-fluid method is that a two-phase system can
be represented as a mixture of phases in which the phase-fraction distribu-
tion includes sharp, yet resolvable, transitions between the phases [43, 142].
This method describes the gas-liquid interface with a unique variable: the
liquid volume fraction [18]. The VOF model is usually used with an LES
turbulence framework, but it requires a very small mesh size in order to cap-
ture the smallest surface wave structures [44, 265]. It must be noted that in
the nozzle zone, due to the high-pressure gradient, cavitation inevitably oc-
curs. The VOF model, based on a two-phase flow, does not account natively
for such phenomena [42, 43, 45]. A model capable of handling the interac-
tion between liquid, vapour and gas is required. To achieve this task, some
models present in the literature try to link the VOF method with a cavitation
model, while others extend cavitation models to account for the gas phase
[122, 123, 242].

As said previously, for internal and near-nozzle regions it is very difficult
to obtain experimental data, because the liquid phase is too dense. So, the
direct numerical simulation (DNS) approach is an attempt to obtain numer-
ical data that are reasonably representative of the two-phase fluid dynamics
at the orifice outlet. DNS simulations are then used to obtain data in order
to build and to validate possible subsequent numerical approaches, such as,
for example, the one obtained by coupling VOF and level set methods, first
proposed by Sussman and Pucket [357] and then modified by Menard T. et
al. [199, 237]. DNS simulations are very expensive, with minimum grid sizes
of the order of 2-5 µm in the near-nozzle regions and total cell counts of the
order of 200 million. Therefore, they must be limited to very small domains.
However, the primary breakup takes place in a quite small area which is of-
ten limited by few injector diameters in the downstream direction. Therefore,
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it is actually very appealing to test such a method even with its inherent lim-
itations. Figure 5.8 shows DNS simulations of a liquid jet with a mesh size of
2.5 µm [237].

FIGURE 5.8: DNS simulation of a liquid jet.

The DDM’s limitations on the spray’s dense zone can be overcome also
with another family of model to which belong eulerian lagrangian spray at-
omization (ELSA) and the Eulerian-Eulerian method belong. These treat both
liquid and gas phases with the Eulerian approach in the near-nozzle dense
spray region, then they switch the spray’s modelling to the Lagrangian ap-
proach in the dilute region downstream of the nozzle [18, 265]. The appli-
cation of such models reveals good agreement with experimental data and
higher accuracy as a consequence of both higher resolution and a more suit-
able modelling approach [89, 377]. Other phenomena play a key role in the
injection process. These are evaporation, collision and coalescence. The di-
rect solution of the droplet heat transfer problem is not realisable due to the
huge computational resources needed, so the droplet is usually assumed as
spherical with averaged flow conditions. So different evaporation models
were developed over the years, considering lumped, one-dimensional and
multi dimensional approaches [6, 342].

Collision modelling is a very complex topic because there is a lack of ex-
perimental data with which such model can be validated. In consequence,
there are few models present in the literature; the most important was devel-
oped by O’Rourke and Bracco, and it is implemented in many commercial
CFD software systems [272]. It is based on energetic considerations and uses
a statistical approach because in common spray simulations there is too large
a number of droplets and so it is impossible to check collisions for each of
them.

Table 5.3 summarises the papers on mathematical models, broken down
by the research topic and model used.
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TABLE 5.3: Mathematical Models Summary Table

Research Topic Models
Used

References

Primary Breakup Wave breakup
[300, 302]

Blob Injection

Primary breakup + internal nozzle flow Baumgarten Model [40]
Huh Gosman [148, 278]

Swirl Injector’s primary breakup LISA [334]

Secondary Breakup Kelvin-
Helmholtz/Rayleigh-
Taylor

[15, 224, 363, 390]

Reitz-Diwakar [278, 305, 390]
Tab Model [274, 362]

Near-Nozzle Analysis VOF [42–45, 142, 341]
VOF and Cavita-
tion

[122, 123, 242]

VOF-Level Set
Method

[199, 237, 357]

Hybrid Models
(ELSA, Eulerian-
Eulerian method)

[18, 89, 265, 377]

Evaporation Lumped, one and
two dimensional

[6, 342]

Collision and Coalescence O’Rourke and
Bracco

[272]

5.4.1 Influence of spray’s thermodynamic parameters

Many authors have studied the influence of thermodynamic parameters on
the spray morphology and breakup process. The injection pressure’s influ-
ence on the spray morphology is widely studied: a higher injection pressure,
obviously, determines a better atomisation and an increased jet penetration
length [202, 366, 428]. Tian [366] and Lee [203] also made a comparison of
some spray pictures taken at different pressure values, and a bigger penetra-
tion length is clearly visible, increasing the pressure. This behaviour is due to
the entrainment of air, which closely relates to the relative velocity between
the jet and the surrounding gas that facilitates the breakup of the jet. There-
fore, the higher the injection pressure, the deeper the entrainment of air, and
then a fully developed jet is produced more quickly.

Also, there are effects on the parcel diameter and spray cone angle, as
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highlighted by [203, 215, 223]. Such researchers have captured and then post-
processed spray images by means of different techniques. The measurement
results showed a reduction in the droplet size with the increment of the pres-
sure.

Fuel temperature was analysed by [223, 428]. With increased fuel temper-
ature, the spray undergoes greater dispersion and becomes more transparent;
substantial drop penetration and smaller droplets, with a more concentrated
size distribution, are produced.

The effect of ambient pressure, which is directly correlated to density, on
the parcel diameter is still not clear. According to some experimental stud-
ies conducted with the PDPA technique, the SMD diameter significantly in-
creased at high ambient pressures, as reported by [215, 372], while the numer-
ical simulations performed by Banerjee [31] highlighted the opposite trend.
At elevated ambient pressure, as observed by Guo H. et al. [128], the spray
collapses in the near field due to low-pressure zone formation (jet-induced
spray collapse). Moreover, under flash-boiling conditions, this phenomenon
also occurs in the far field [128]. Finally, the flash-boiling process is also
strongly influenced by both ambient and fuel thermodynamics [216].

Zeng W. et al. [418] quantified the macroscopic characteristics of the spray
plume using the dimensional analysis, obtaining some analytical relations
between dimensionless numbers and the plume angle or penetration tip.

Hiroyasu H. et al. [144, 145] previously found some empirical correla-
tion for diesel spray, but, due to different fuel viscosity, the results are not
applicable to the gasoline spray [430, 431].

Table 5.4 summarises the papers on the influence of the spray’s thermo-
dynamic parameters, broken down by the parameter considered and its ef-
fects.

TABLE 5.4: Spray’s Thermo-Dynamic Parameter Influence
Summary Table

Parameter Con-
sidered

Effects References

Fuel Injection Pressure ⇑ Cone Angle ⇑
[202, 203, 223, 366, 428]DDrop ⇓

LPenetr ⇑

Fuel Temperature ⇑ DDrop ⇓
[223, 428]

LPenetr ⇓

Ambient Density ⇑ DDrop ⇑⇓ [31, 215, 372]
Spray’s Collapse [128, 216]

Dimensionless Numbers [418]
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5.5 Spray-wall interaction

The fuel jet injected into the combustion chamber easily impacts on the sur-
faces of the piston head and cylinder liner. The spray wall-interaction is a
very interesting research topic because it involves complex physical phenom-
ena influencing the chain of events leading from secondary evaporation up
to un-burned hydrocarbons and soot emissions [139, 258, 424].

Concerning diesel sprays, a wide analysis of such phenomena can be
retrieved in the bibliography [84–86], while only lately, thanks to the ever
increasing injection pressures (of the order of hundreds of bar), gasoline’s
jet impingement is assuming a greater scientific relevance and many aspects
need deeper investigation: heat flux transfer, film boiling, splashing droplet
production [220].

As described by Stanton [350] and O’Rourke [273], there are four differ-
ent regimes for drop-wall interaction depending on the impact energy: stick,
spread, rebound and splash. Rioboo R. et al. [308] inserted the occurrence
of fingering in the spreading phase and also replaced the splash regime with
four differentiated "disintegration" mechanisms, numbered as below: (iii-a)
prompt splash, (iii-b) corona splash, (iii-c) receding break-up and (iii-d) par-
tial rebound. Moita and Moreira [246] added (iii-e) finger breakup. Figure
5.9 shows the phenomena, classified by the impact energy (Fig. 5.9-a) and by
an appropriate time scale (Fig. 5.9-b) [259].

With a very low impact velocity, droplets stick to the wall and, in the case
of a slightly greater energy level, form a lamella which spreads and recoils,
dissipating energy. Fingering occurs with moderate impact energies; in this
regime the lamella is unstable and lead to the formation of fingers. Such
structures grow ahead of the contact line and breakup during the last phase
of spreading [11, 234, 412]. A broad explanation of the fingering process can
be found in the work of Yanin [411]. Higher impact energy levels cause the
droplet to disintegrates a few instants after the impact. Prompt splash is the
mechanism that occurs at the spread/disintegration transition. It happens
when the inertial forces overcome capillary effects [410].

Quantitative criteria to differentiate the impact regimes are provided by
relations between the dimensionless groups of Reynolds, Ohnesorge, Laplace
and Weber. Through different algebraic combinations of such parameters, a
wide spectrum of impact situations can be described (wet or dry surfaces,
roughness finish) [28, 71, 135, 262, 354, 373]. Most literature correlations uses
the Kc parameter to recognise the onset of the splash regime. It is calculated
as:

Kc = A · Za · Web (5.33)

The coefficients A, a, and b assume different values depending on the impact
conditions.

It must be pointed out that spray-wall interaction usually involves the
impact of many drops with disparate velocities and diameters, directions and
so also this aspect must be taken into account [311].

A relevant topic, strictly linked with direct injection spark ignition engine
combustion optimisation and emissions reduction, is the impact of droplets
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on heated walls like the piston surface. In this condition, four different heat
transfer regimes occur as a function of wall temperature (Tw) [219]:

• film-evaporation: at relatively low temperature there is no phase change,
and heat transfer occurs principally by conduction and free convection;

• nucleate boiling: the heat flux reaches its maximum values, bubbles
form on the wall’s surface and the evaporation time decreases to the
critical heat flux (CHF);

• transition boiling: as the heat flux increases an insulating vapour layer
grows and partially divides the liquid and solid wall, and the heat flux
reduces to its minimum at the Leidenfrost point;

• film boiling: with a higher surface temperature an insulating vapour
layer divides liquid spray from the solid wall and in this way heat is
transferred by conduction, and the evaporation time slightly decreases.

Figure 5.10 summarises this [220].
The wall temperature strongly influences the so-called secondary evapo-

ration and consequently affect the mixture formation, combustion and emis-
sions.

The wall impact regimes, too, are a function of wall temperature. Fig-
ure 5.11 [21] shows the transition conditions as a function of the impacting
droplet We and wall temperature as reported by Bai and Gosman [28].

Once the impacting droplets have disintegrated by one of the previously
described mechanisms, secondary droplets will be created with completely
different characteristics. The knowledge of the quantitative correlations be-
tween the drop’s morphology before and after impact form the basis of spray-
impingement models. Such relations are widely present in the literature for
non-heated walls while only a few of them are available for heated walls. Be-
low, the features of the main models, capable of predicting the size, velocity
and number of secondary droplets, are reported.

Bai and Gosman’s [27] model, based on experimental data sets found
in the literature, recognises the different regimes, stick, rebound, spread or
splash, if the wall is wet, spread and splash for impinging on dry walls. The
model uses transition criteria based on the drop’s Laplace number (La), tak-
ing also into account in dry conditions the surface roughness. Droplets pro-
duced from splash have a random size, while a modified version, from the
same authors, adopts a chi-squared probability function [29]. Stanton and
Rutland’s model [350] considers wall-film covered surfaces and uses fixed
We number values as the threshold between the stick, rebound and spread
regimes. The model is also sensitive to impact of multiple drops. Mundo,
Sommerfeld and Tropea’s [262, 263] empirical model considers, as a transi-
tion criterion between regimes, a new critical parameter K, a function of the
Re and Z numbers, independent of the surface structure. The Kuhnke model
[190] uses the K parameter too and it is sensitive to the surface temperature
as well as dry and wet walls. Senda and Fujimoto’s model has the particular
feature of dividing the impingement regimes into two groups depending on
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the energy level [333]. Kuhnke’s model gives reasonable results in terms of
width and thickness: both the liquid thickness and width are over-estimated
for high injection pressure, while the vapour thickness is slightly underesti-
mated for high wall temperatures [291]. With high temperature, it was found
[55, 250] that the k-� turbulence model diffuses gasoline vapour more quickly
from the wall zone than the k-ζ-f model. This behaviour offsets the previous
model underestimation and gives results in accordance with experimental
observations.

A comparison between the Kuhnke and Mundo models, implemented
for a multi-hole injector (as reported by Montanaro A. et al. [250]), reveals,
in particular, that the Kunhke model is quite appropriate to reproduce the
secondary evaporation, consequent droplet transient heating, and the liquid
splashing and rebounding. Indeed it is sensitive to the wall temperature and
the transient heating effects. An example of such comparison is shown in
Fig. 5.12.

AVL Fire’s thin-wall sub-model, taking into account transient cooling ef-
fects, also gives good results of the amount of wall-film mass and spray in-
teraction [24, 291, 369]

Lately, a interesting new approach was developed. It is the smoothed
particle hydrodynamics (SPH) method, initially developed for non-axial phe-
nomena in astrophysics [247], and was modified to simulate the drop-surface
impact in combustion devices [409]. This methodology, shown in Fig. 5.13,
highlights a good agreement with the experimental data and can recognise
the crown formation as well as the drop spreading.

Although it has already been mentioned, it should again be underlined
that wall impingement has a great influence on many aspects of the direct
injection spark ignition engine: the spray’s impact over metallic surfaces (like
the piston head) creates the liquid wall-film that influences all the consequent
processes. The CFD analysis, incorporating impingement models, becomes a
powerful tool to perform simulations that account for and link the effects of
such phenomena to the subsequent ones like mixture formation, combustion,
and pollutant emission, with the final aim of improving general GDI engine
design.

As an example, Catapano F. et al. [55] considered a piston equipped
with thermocouples to acquire the surface temperature values and validate
a 3D model describing the spray-piston interaction in order to obtain further
parameters not available from experimental observations. A complete tem-
perature map of the piston shows that the gasoline has a cooling effect that
strongly affects the evaporation process. Equivalence ratio maps of the mix-
ture, at different time steps present near the piston head, highlights that the
evaporation is enhanced by increase of the wall temperature and it influences
the mixture formation process [1, 55]. The thickness of a smaller wetted area
can be achieved, also increasing the excess-air ratio because in this way less
fuel is injected and so soot emissions also diminish [335].

In the last few years, thanks to diagnostic techniques such as XPCI, PDPA,
ultra-fast X-Ray imaging and schlieren, a wider comprehension of the wall-
impingement process was achieved. To detect both impinging liquid and
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vapour phases Mie scattering and schlieren are used in a quasi-simultaneous
mode [253, 291]. Proper post-processing of images allows us to detect the
liquid phase contour and so measure its width and thickness [13, 251]. The
fuel adhesion thickness can be measured with infra-red (IR) refractive-index-
matching (RIM) [96] and LIF, although this last method is limited to perfectly
smooth impinging walls [230]. Through these experimental techniques, it
was observed that a high wall temperature favours fuel evaporation that be-
gins from the periphery [1, 229, 252] and so reduces the wall-film thickness.
Also, an inverse proportionality is confirmed for the width except for some
temperature values higher than the Leidenfrost point, as expected [252]. A
high ambient pressure increases the fuel adhesion mass and leads to a uni-
form distribution [228], while higher injection pressures reduce the wall-film
mass [324]. Instead, an opposite result was found, by means of schlieren-
Mie scattering imaging, by Montanaro A. et al., who underlined a direct
proportionality between the injection pressure and wall-film thickness [253].
Among the many parameters analysed by Schulz F. et al. [324], by means of
RIM, it is interesting to observe how the spray’s impact angle has a great in-
fluence on many of the wall-film’s parameters, such as heat-flux, mass, width
and height. IR measurement campaigns have also highlighted that a nozzle
with a sharp inlet and an orifice length-to-diameter ratio of 1 is the best con-
figuration to accelerate heat transfer and so evaporation [323].

PDPA observations of an impinging spray under engine conditions on
a flat plate allow us to understand the droplet size distribution along the
vertical distance and radial axis before and after the impingement. Before
impingement, there are large droplets with an "M-type" probability distribu-
tion of droplet numbers and "∧" distribution of SMD while later a vertical ">"
curve type is recognisable [231].

Table 5.5 summarises the papers on spray-wall interaction, broken down
by research topic with a useful short description.
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FIGURE 5.9: Classification of drop impact mechanisms.
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FIGURE 5.10: The heat transfer regimes of a droplet impinging
an heated wall.

FIGURE 5.11: Impact regimes and transition conditions for
heated walls.
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FIGURE 5.12: Experimental and numerical spray data from
Montanaro et al.’s investigations.

FIGURE 5.13: Water drop impact on a wetted surface as simu-
lated with SPH method.
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TABLE 5.5: Spray-Wall Interaction Summary Table

Research Topic Short Descrip-
tion

References

Spray-wall interaction General influence on in-
ternal combustion en-
gines

[84–86, 139, 220, 258,
424]

Impingement regimes Description of droplet-
wall interaction mecha-
nisms

[273, 350]

Further classifications [259, 308]
Fingering Process [11, 234, 246, 411, 412]
Promp Splash [410]
Transition criteria [28, 71, 135, 262, 354,

373]
Multi-droplet impact [311]
Impact on heated wall [21, 28, 219]

Mathematical models Bai and Gosman (based
on experimental data)

[27, 29]

Stanton and Rutland
(uses We number fixed
values)

[350]

Mundo, Sommerfeld
and Tropea (uses K
parameter transition)

[250, 262, 263]

Kuhnke (uses K param-
eter transition)

[55, 190, 250, 291]

Senda and Fujimoto (
uses energetic consider-
ations)

[333]

Thin-wall submodel [24, 291, 369]
SPH approach models [247, 409]

Thermodynamics Pa-
rameters

Influence of the ambi-
ent and injection pres-
sure

[228, 253, 324]

Impact angle [324]
Nozzle design [323]
Heat transfer process [55, 291]
Temperature Influence [1, 55, 229, 251–253]

Impingement and GDI
engines design

Piston surface spray’s
interaction

[1, 55]

Combustion and wall
impingement

[335]

Experimental Visualiza-
tion

Mie-
Scattering/Schlieren

[13, 251–253, 291]

PDPA imaging [231]
Infra-red RIM [96, 228–230, 323, 324]
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5.6 Mixture Formation and Combustion

Once injected, the fuel droplet continues its journey in the combustion cham-
ber where the whole injection process fulfils a first-importance role in the
chain of events that begins from the air-fuel mixing phase, passes through
combustion, and ends with generation of the pollutant.

The key-innovation of Spark Ignition Direct Injection (SIDI) engines is
that the air-fuel mixture formation process takes place directly in the com-
bustion chamber [371]. This make it possible to overcome the limits of PFI
and, at the same time, to adapt the in-chamber mixture composition to the en-
gine’s operating conditions, in order to improve the fuel consumption and, in
general, the performance [5, 76]. Traditional PFI engines were modified and
improved, developing advanced and dedicated direct injection systems, new
intake ports, new combustion chambers and new piston head shapes [426].
Such engine configuration (GDI) determines radical changes in both the mix-
ture formation process and combustion dynamics and strategies (stratified
or homogeneous charge), requiring deepened studies. In this respect, engine
geometric models are used together with experimentally tuned spray mod-
els, to reproduce in-cylinder air motion and to develop thermo-fluid dynamic
simulations of the entire engine cycle. It is thus also possible, without having
to investigate a real engine, to optimize the air/fuel mixture and combustion,
saving time and money [72, 312]. As a consequence of the aforementioned,
the researches that analyze the effects of the engine’s operating and design
parameters (injection pressure, fuel temperature, plunger geometry, injection
strategies, ignition timing, ...) on the mixture formation are of fundamental
importance.

5.6.1 Effects of Engine Design Parameters on Mixture Forma-
tion

Injection Pressure

The most important index used to evaluate air/fuel mixture quality is the
Equivalence Ratio (ER): the local air/fuel ratio over the stoichiometric one.

As shown by Piock W. F. [292], Addepalli S. et al. [4] and Reddy A. et
al. [299], higher fuel injection pressure leads to more uniform ER in-cylinder
distribution due to better atomization and faster evaporation of fuel droplets.
Because of the transfer of momentum from the injected fuel to the surround-
ing air, the turbulent kinetic energy (TKE) increases too, while the tumble
ratio (TR) does not seem to be affected by the injection pressure due to the
symmetry of the used injector’s holes [4, 183, 299].

Fuel Temperature

The fuel temperature strongly affects the mixture formation process. Jing D.
et al. [165] demonstrated how high temperature values lead to spray col-
lapsing due to stronger jet-air interaction. The consequent short penetration
promotes a more homogeneous mixture distribution. As described in more
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detail in the previous review (Part 1), the occurrence of flash boiling is greatly
enhanced by a relatively high fuel temperature.

Injection Strategies

It is interesting to understand the crucial role played by the injection strate-
gies. An homogeneous charge can be obtained injecting the fuel during the
intake stroke as a high, favourable, dispersion of fuel droplets occurs. A de-
layed injection timing, during the compression stroke, does not give enough
time to reach a uniform-distributed mixture within the combustion chamber
leading to the formation of a stratified mixture, [76, 166, 180].

A double injection strategy, injecting a small amount of fuel right before
the spark timing, increases the engine power thanks to the additional turbu-
lence induced by the second injection [166, 182, 348].

CFD simulation coupled with a Simplex optimization algorithm was per-
formed by Costa M. et al. on a single cylinder, four valve, four stroke engine.
[72, 73]. They developed a fully automatic procedure to tune the sub-model
of direct injection spray and a 3D numerical model of the engine (developed
within the AVL Fire environment) to select the best injection strategy. It was
found that the start of injection (SOI) placed at 475◦ (being 0◦ the beginning
of the expansion stroke) and spark ignition (SI) at 680◦ maximize the engine
performances, in the case of a single injection strategy. In the case of two
events injection the optimal values are: SOI equal to 450◦, dwell equal to
80◦, spark ignition remaining at 680◦. In another publication Costa M. et al.
[74, 76] studied the flame initiation and early propagation, both experimen-
tally, in a optically accessible engine, and numerically, by a 3D engine model
capable to follow the evolution of the asymmetric flame front consequent
to the flow motion in the combustion chamber. The authors highlight that
changing the injection and ignition timings leads to a different flame prop-
agation modality. Indeed, for example, mixture inhomogeneity, caused by a
late injection, was found, responsible of asymmetric flame front propagation,
self-ignitions and poor combustion efficiency.

Besides, Xie F. et al. [404], working with a stoichiometric mixture and
under medium and low load engine operating conditions, highlight the cru-
cial importance of the injection and ignition parameters to reduce particulate
emissions.

Injector and Spark-Plug Positions

Optimizing the position of the injector and spark-plug have great influence,
especially, on the performances of wall-guided GDI engines [408]. In these
engines, operating with late injection, spark-plug and fuel injector position,
such as injection pressure and timing, are fundamental to create a combustible
mixture near the spark plug. Besides, the piston top surface is designed in
such a way that the injected fuel is directed towards the spark plug to form
a combustible mixture at the time of ignition (stratified charge). Karaya Y.
[171] and Saw O. P. [319] investigated spark plug position and orientation
with respect to the injector. For both the authors the final relative position of
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the injector and spark plug is almost the same: the spark plug is placed on
the engine head’s centre and the fuel injector between the two intake ducts.
In such configuration the mixture is ideally stratified as desired, the combus-
tion is faster (as demonstrated by the highest value of heat release rate) and
the in-cylinder-pressure is higher too.

Spark Advance

Reddy A. et al. [299], in their detailed parametric study on a GDI engine
operating in lean stratified mixture condition, highlight as a spark advance
variation from 7.5 to 20 crank angle degrees (CAD) before the TDC deter-
mines increase of the indicated thermal efficiency and the indicated mean
effective pressure (IMEP). Instead, because of similar fuel injection pressure
(110 bar) and inlet boundary conditions, not significant TR and TKE changes
occur and values of the equivalence ratio in the flammability range, at the
spark plug location, can be observed. Similar results were shown by Costa
M. et al. [76]: the advance of the start of spark advance (SOS) produces an
increase of work until the phenomenon called "arrested phasing" occurs.

Piston Shape

The piston shape also affects the mixture stratification. Harshavardhan B.
et al. [137] analysed in-cylinder air flows and air-fuel interaction created by
different piston shapes, understanding that the flat-with-centre-bowl piston
gives higher cylinder air speed. The TR and TKE with the flat with centre-
bowl piston engine are higher compared with other piston shapes. Zheng Z.
et al [427] confirmed these results and underlined how this shape helps the
formation of a combustible mixture around the spark plug at the time of ig-
nition. Figure 5.14 shows four different piston shapes [427]. It is highlighted
that the D configuration shows the best distribution of the equivalence ra-
tio, a higher turbulent kinetic energy at the ignition time and also a thinner
gasoline liquid film.

Valve Position and Orientation

The inlet valve’s orientation strongly influences the TKE and TR of in-cylinder
airflow as well as the overall combustion process. It is known that the swirl
intake port design improves the mixture formation in compression ignition
engines, but lately studies conducted by Karaya Y. et al. [170] have demon-
strated how it could do the same for GDI engines, enhancing the indicated
mean effective pressure (IMEP) in stratified operating mode. Unfortunately,
this also leads to higher emissions of NOx and HC for high values of ER.

Saw O. P. [320] used CONVERGE CFD software to analyze a single-cylinder
wall-guided four-stroke GDI engine, concluding that a 140 cylinder head
pent roof angle is the best compromise between the engine’s performance
and NOx emissions.
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FIGURE 5.14: Effects of piston shape on turbulent kinetic en-
ergy.

5.6.2 Other Parameters

The compression ratio (CR) does not influence the flow structure inside the
combustion chamber and so the ER’s map remains more or less the same
[3]. Instead, the TKE decreases because the reduced space available for the
parcels restricts air motion inside the cylinder, which results in the reduc-
tion of the magnitude of fluctuating and mean components of velocity [4].
Another parameter that strongly affects in-cylinder air motion is the engine
speed: both TR and TKE significantly increase with the increment of this pa-
rameter [3, 4, 188].

Table 5.6 summarizes the papers regarding the mixture formation process
available in the literature with a short comment.
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TABLE 5.6: Mixture Formation Process Summary Table

Studied Parameter Comment References
Injection Pressure Direct proportionality

with ER and TKE.
Bulk air motion not af-
fected

[4, 299]

Injection Strategy Enhancement of tur-
bulence, atomization
and flame propaga-
tion; particulate re-
duction

[74, 76, 348, 404]

Parametric Optimiza-
tion

[72]

Injector position Improvement of mix-
ture, reduction of
emissions

[171]

Spark Advance Significant Role for
IMEP and Thermal
Efficiency

[299]

Piston Shape Design Optimization [137, 427]
Inlet Valve Best Orientation and

Swirl Design
[170]

Cylinder’s Head Design Optimization [320]
Compression Ratio TKE decrease, Same

Flow Structure
[3, 188]

Operating Speed Effects on mixture
stratification, TKE
and TR

[3, 4]

5.7 Combustion Modelling

The in-cylinder mixture distribution significantly affects the combustion dy-
namics and make it possible to have two operating modalities of GDI engines
(Addepalli S. et al. [5]). As illustrated in Figure 5.15, the combustion can be
classified as stratified or homogeneous depending on the air-fuel charge dis-
tribution [57].

At the partial load conditions, a stratified charge (late injection) is used.
The fuel is injected during the compression stroke (Figure 5.15 on the right)
to obtain a stratified charge near the spark plug at the instant of ignition. A
homogeneous charge (early injection) is preferred for the higher load condi-
tions. The fuel is injected during the intake stroke (Figure 5.15 on the left) to
provide a homogeneous mixture. The engine operates under stoichiometric
or a slightly rich condition at full load [349]. This has strong implications also
for the engine’s emissions.

During the combustion process, various and complex events occur, such
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FIGURE 5.15: Operating modes of a GDI engine.

as the ignition, turbulent flame propagation, multiple chemical reactions,
maybe knock, and so, consequently, in the past and over the years many
different mathematical models were developed [110, 211, 289, 317, 359, 368].

Recently, particular attention was paid to the ignition process and to anoma-
lous combustion phenomena, such as knock and misfiring. The main recent
researches on these topics are discussed below. The ignition process has a
great influence on the kernel development and flame propagation [143]. The
Swept-Volume method developed by Zhu G. et al. [429] provides a more
accurate evaluation of the volume swept by the flame within a time step.
Usually this is approximated with the turbulent flame speed, but the authors
demonstrated that this hypothesis is not accurate and so they decided to de-
velop this new model. It captures new features of the flame propagation, and
also the values of the indicated pressure and heat release rate are in good
agreement with experimental data.

The Triangulated Lagrangian Ignition Kernel Model (TLIK) developed by
Perini F. et al. [287] shows the sub-grid features of the early flame kernel
development that the former Discrete Particle Ignition Kernel model (DPIK)
does not capture [111]. DPIK simulates a spherical kernel development with-
out the necessity for a fine grid resolution close to the spark plug, while TLIK
simulations showed that the early flame kernel development is significantly
far from the spherical shape that is supposed by the DPIK model. Sforza L.
et al. [339] developed a Eulerian-Lagrangian model for premixed spark ig-
nition combustion systems capable of describing the flame stretch effects. It
was highlighted that they are negligible after the combustion’s early propa-
gation stage.
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The occurrence of knock is a critical issue and a limiting factor in the
development of spark ignition direct injection engines [365]. Knock onset,
knock intensity, super-knock and pre-ignition are all phenomena strictly linked
with knock itself [168]. The stochastic nature of engine knock, the instabil-
ity of combustion and the consequent cycle-to-cycle variability (CCV) of tur-
bulent flows would suggest LES as the most appropriate approach for CFD
simulations. However, valid results could be obtained also with RANS-based
models. The use of a variance equation and a Probability Density Function-
based knock model (PDF) make it possible to overcome these problems [79].
Lately, the Tabulated Knock Model is the one used most due to the relatively
small computational effort required. It relies on a tabulated chemistry ap-
proach and on a RANS turbulence modelling framework [52]. Usually opti-
cally accessible engines are used to validate these numerical models and to
study the effects on the knock tendency of various parameters such as spark
and intake valve timings [54, 153, 227, 241]. On the other hand, the ever in-
creasing computational resources available allow the implementation of the
first LES turbulent combustion models, which showed, as expected, a better
prediction of the in-cylinder air-speed fluctuation and especially the combus-
tion cycle-to-cycle variations (CCV) [41]. CCV could lead to misfire or knock,
limiting the engine’s operating regime [60, 114–116].

As already discussed, due to direct fuel injection, GDI technology permits
a stratified charge operating mode. The preparation of the air/fuel mixture
is quite challenging and requires a rich composition confined near the spark
plug and ultra-lean composition elsewhere in the cylinder. To achieve this
goal, both RANS and LES simulations are used and three different mech-
anisms of mixture formation could be retrieved: spray-guided, air-guided
and wall-guided [157, 281, 356, 383].

Table 5.7 summarizes the papers regarding Direct Injection Spark Ignition
Combustion Models available in the literature with a short comment.
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TABLE 5.7: Combustion Modelling Summary Table

Topic Analysis References
Engine Operating Modality Stratified and Homo-

geneous Charge
[5, 57, 349]

Combustion Process Chemistry Models
Available in literature

[110, 211, 289, 317,
359, 368].

Ignition Process Ignition Models For
Kernel Development

[111, 339, 429]

Knock Tendency Knock Occurrence:
Limiting Factor,
Models Available

[52, 168, 365]

Design Parameters In-
fluence

[54, 79, 153, 227, 241]

Cycle-To-Cycle Variations Models With LES
Framework

[41, 60, 114–116].

Stratified Combustion CFD Analysis and
A/F Mixing Mecha-
nisms

[157, 281, 356, 383]

5.8 Emissions Studies

The most relevant features of the direct injection spark ignition engines can
be summarized as follows: fuel consumption is reduced, specific power is
higher and limited CO2 tailpipe emissions. Indeed, as showed by various
authors in literature, due to the higher fuel efficiency, CO2 emitted by GDI
engines are averagely lower than diesel and PFI engines [268, 296, 315].

The stratified charge operation mode, characteristic of the GDI engines,
involves complex production dynamics of pollutants like HC, CO and NOx.

The NOx emissions depend on many factors, ad example, optimizing
the injector and spark-plug positions they can be reduced, but, engine per-
formances decrease [319]. The same consideration can be pointed out for
the adoption of the intake swirl port design [320]. Another effective way
to reduce the NOx production is the adoption of a delayed injection which
implies a lower peak temperature [204]. The NOx emissions are higher at
higher fuel injection pressures because the improved atomization produces
finer fuel droplets, an enhanced combustion and finally higher in-cylinder
gas temperature [299]. Such emissions can be reduced adopting exhaust gas
recirculation systems (EGR) [293, 425]. However a too high EGR rate leads to
unstable combustion and so a trade-off relationship must be found to avoid
such phenomenon occurrence [204].

HC and CO emissions are dependent on the completeness of combustion
and on the mixture formation process [97]. Splitting injection is one tech-
nique to reduce HC emissions [75, 270]. Unburned hydrocarbon emissions
are insensible to spark timing and fuel injection pressure while are higher for
an open valve injection due to interaction of the fuel spray with the intake
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valve. [310] The production of unburned hydro-carbons seems to increase
also adding an higher EGR amount [421, 425] while there is not a strong cor-
relation with piston temperature and no noticeable difference between swirl
and multi-hole injectors [204].

From the discussions above the necessity of finding a trade-off condition
between the reduction of different kind of pollutants arises. It can be well
underlined with the case of the CO which decreases with the increase of fuel
injection pressure. Reddy A. et al. [299] found that the CO emissions decrease
by about 92.9% and 94.6% respectively at 150 and 200 bar fuel injection pres-
sures, compared to that at 110 bar. So, if on the one hand, an higher fuel
injection pressure leads to a faster and complete combustion, and hence less
CO formation, on the other, as seen previously, increases NOx production.

Anyhow at this point, it is important to underline, that no great differ-
ences between GDI and PFI engines gaseous emissions result from literature
analysis [315] and, besides, NOx are definitively lower compared to the diesel
ones [268].

The main issue of the direct injection spark ignition engines is broadly
recognized being the production of particulate matter caused by the internal
mixture formation and the possible spray-wall impingement. The soot emis-
sions of a GDI engine are consistent and especially much higher than a PFI
engine, therefore, exhaust gas treatment systems, such as gasoline particu-
late filters (GPF), must be used and are in continuous development in order
to meet the emissions regulations [58, 403]. For all these reasons, lately, the
study of GDI engines soot emission has become a relevant research topic as
shown by the broad literature about it [26, 64, 298, 370].

The soot particles are different in concentration, size, morphology and
chemical composition compared with those produced by diesel engines [172,
193, 336]. As shown by Seaton A. et al. [325], alveolar, fine and ultrafine par-
ticles are more dangerous to the human respiratory system than larger par-
ticles because they have a greater penetration depth. They reach the lung’s
alveoli, where the self-cleaning process by macrophages fails [159]. It is im-
portant to focus attention on the particle formation process. It can be divided
into six steps: pyrolysis, nucleation, surface growth, coalescence (or coagula-
tion), agglomeration and oxidation [119, 120, 175, 260]. Thermal pyrolysis in-
volves alteration in the molecular structure of hydrocarbons under high tem-
perature without significant oxidation despite the presence of oxygen [201].
After temperature peaks have faded out, the nucleation particles coagulate
into bunches of particles (70–100 nm). However, the nucleation phase re-
mains poorly understood [119]. Surface and spatial growth increases the vol-
ume of particles. Then the particles collide and merge into bigger spheroids
reducing the overall number but obviously keeping the mass constant. This
is the coalescence or coagulation phase. Finally, the existing particles stick
together to form large groups of soot aggregates, typically with fractal-like
structures [367]. Knowing the soot formation mechanisms is fundamental to
optimize thermo-dynamic processes and engine design parameters, in order
to avoid high amounts of particulate emissions.
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5.8.1 Effects of Injection Parameters and Combustion Strat-
egy

Higher injection pressure values lead to a reduction of the number and mass
of particles, due to the more uniform air–fuel mixing process and consequent
best vaporization [80, 286, 292, 389].

The soot emissions, injection timing and fuel impact on surfaces are to-
gether strictly correlated. A late injection, typical of stratified combustion,
causes the fuel to have insufficient time to completely mix with air, promot-
ing higher amounts of particulate emissions. Instead, an early injection, typ-
ical of homogeneous combustion, increases spray-wall interactions, so, the
fuel, remaining as liquid phase on the solid surfaces of the piston and liner,
produces a number of particles greater than one or more orders of magnitude
[139, 422]. One solution to this problem is a multiple phase injection strategy
that makes it possible to have the shortest fuel jet length, to reduce the fuel’s
impact on surfaces, to improve the mixture formation process and so, finally,
to reduce particulate emissions [49, 164, 269, 355, 404].

Zhang M. et al. [421] carried out an experimental investigation using the
Taguchi method to highlight the mutual influences of various engine param-
eters, concluding that adding a proper amount of air and EGR diluents, re-
tarding the ignition timing and rising injection pressure, all help to reduce
the particulate number (PN) concentration.

Combustion, too, obviously has a great influence on the particulate emis-
sions. Combustion and emissions models are often linked together in order
to understand the quality and quantity of particulate created during the en-
gine cycle [50, 388]. A rich mixture composition, compared to the stoichio-
metric one, leads to a higher number of particles. On the other hand, a too
lean mixture entails an incomplete combustion and, thus, an increment of the
particulate mass [74, 164].

The ignition timing has a great influence on the number of particles. An
early timing leads to a longer combustion, leaving more time for particulate
oxidation [280, 395].

So-called pool fires, in other words the combustion of liquid fuel, are an-
other source of PM emission. Pool fires often occur on metallic surfaces and
for this reason proper design of the piston and head surfaces is essential. Op-
tical engines are usually used to capture images of the bright yellow flame’s
characteristics of this combustion dynamic [35, 48, 232].

5.8.2 Effects of Fuel Characteristics

The composition and physical proprieties of fuels are relevant factors that
strongly affect particulate emissions [7, 184]. Further than the engine’s design
parameters optimization, a very recent research topic is the development of
new fuels that are able to substantially reduce particulate emissions. Fuel
blends with an high aromatic content lead to high PN emissions. PN and
PM benefit from the reduction of olefin components [65, 391, 405]. A more
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volatile fuel promotes a good mixture formation and combustion and, finally,
a noticeable reduction of particulate emissions [176].

Six different Chinese phase IV and V gasolines composed with various
percentages of ethanol, sulphurs, aromatic hydrocarbons and olefin were
tested on a GDI engine by Wang Y. et al. [391], confirming the above state-
ments. Finally, it is possible to highlight that ethanol has a low energetic den-
sity, but its addition reduces the gasoline’s vapour pressure, enhancing evap-
oration and thus reducing particulates [36, 56, 66, 218, 233, 389]. Ethanol has
a 34.8% oxygen gravimetric content that makes more complete combustion
and a more efficient post-flame oxidation possible [37]. Differently to ethanol,
methanol effects on particulate emissions are not directed to their reduction
because it has a relative high vapour pressure (referred to ethanol) and it
involves a local cooling in the air-fuel mixture within combustion chamber
caused by the higher vaporization enthalpy [197, 198, 245].

Table 5.8 summarizes the papers regarding the emissions studies avail-
able in the literature with a short comment.
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TABLE 5.8: Emissions Studies Summary Table

Topic Comment References
Emissions in GDI en-
gines

CO2 emissions and PFI
comparison

[268, 296, 315]

NOx [204, 293, 299, 319, 320,
425]

HC and CO [75, 97, 204, 270, 299,
310, 421, 425]

Particulate matter prob-
lem, exhaust gas treat-
ment devices

[26, 58, 64, 296, 298, 370,
403]

Particulate characteri-
zation

Differences among
diesel particles, forma-
tion process description

[119, 120, 159, 172, 175,
193, 201, 260, 325, 336,
367]

Effects of injection pa-
rameters on particulate
matter

Injection pressure [80, 286, 292, 389]

Injection timing [139, 422]
Multi-phase injection [49, 164, 269, 355, 404]

Effects of Combustion
strategy on particulate
matter

Stratified-lean combus-
tion

[50, 74, 164, 388, 421]

Ignition timing [280, 395]
Pool fires Liquid fuel combustion [35, 48, 232]
Effects of fuel composi-
tion on particulate mat-
ter

Aromatic content [65, 391, 405]
Olefin content [391, 405]
Fuel volatility [176]
Ethanol content [36, 37, 56, 66, 218, 233,

389]
Methanol content [197, 198, 245]

5.9 Injector Deposits and Fouling

Unlike PFI engines, in gasoline direct injection engines, because the mixture
formation process takes place directly in the combustion chamber, the injec-
tion system is exposed to high temperatures and pressures and comes into
direct contact with the combustion gases. Therefore, the phenomena of de-
posits and fouling on the injector become extremely important. So, as this has
a strong impact on the air/fuel mixture distribution and on the vehicle emis-
sions, it becomes central to understand how the deposits affect the injection
process [19]. There are two places where deposits grow: at the nozzle exit
and inside it, consequently modifying the fuel flow rate and spray pattern. It
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is widely recognized that a relevant injector fouling can lead to engine misfir-
ing and drivability problems and, most importantly, it can shorten a vehicle’s
life [20, 424].

The injector fouling process can be experimentally visualized using dif-
ferent techniques. First, imaging methods such as optical and scanning elec-
tronic microscopy (SEM) are used to analyze the deposits structure [81]. X-
ray micro-tomography and thermo - gravimetric analysis (TGA) are, also
commonly used, respectively, to reconstruct a 3D geometric surface that rep-
resents the injector’s fouled tip and to define the chemical composition of
deposits formations [417]. Figure 5.16 shows three micrographs of injectors,
representing three different conditions: clean, fouled and cleaned-up [140].

FIGURE 5.16: Injector’s micrographs in three different condi-
tions: clean, fouled and cleaned-up.
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The impact factors such as nozzle geometry and injector tip temperature
are discussed in [156]. The spray pattern is strongly modified by injector foul-
ing [25, 384]. The restriction of the effective flow area leads to a reduction of
the mass flow rate. Furthermore, in the injector’s counter-bore there are air
re-circulation zones which, in the fouled injector, are not effective, causing
poor a atomization and a smaller spray cone angle [162, 385, 386]. The de-
posits act as an extension of the inner hole constraining, the air entrainment.
The Single Injection Fuel Quantity (SIFQ) decreases by around the 10% due
to the smaller diameter of the nozzle’s orifice caused by the fouling process
[347].

Both computational and experimental studies can be found in the litera-
ture. First of all the fouled injectors are analyzed with the already mentioned
techniques and from this data a CAD geometric model of the fouled surfaces
is created in order to implement CFD simulations of the sprays. The results
showed smaller spray angles, longer penetrations, higher droplets velocity
and smaller size of the fouled injector [162, 385, 386, 397].

The fuel composition plays a relevant role in the injector fouling pro-
cesses. Common gasoline is composed of olefins, sulphur, aromatic hydro-
carbons, alcohol and metallic salts. These last ones are insoluble, and it seems
that they does not affect the fouling process: the injector lifetime remains al-
most the same using gasoline with or without MMT (Methylcyclopentadi-
enyl manganese tricarbonyl, an additive used to enhance the gasoline octane
number) [51, 236]. The most important alcohol specie is the ethanol, which
has only a single bond in its chemical structure and also one oxygen atom.
These features make this substance relatively thermally stable and mainly it
supplies oxygen during combustion avoiding relevant soot emissions [360,
389]. Olefins are highly chemically reactive substances, so they play a key-
role in the deposition process, while the effects of aromatic hydrocarbons are
still not clearly understood [406]. Tests of different gasolines highlight that
detergent components lead to a reduced deposit formation and consequently
pollutant emissions [140, 423].

Table 5.9 summarizes the papers regarding injector deposits studies avail-
able in the literature with a short comment.
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TABLE 5.9: Injector Deposits and Fouling Summary Table

Topic Comment References
Injector fouling process Effects on perfor-

mance and emissions
[19, 20, 424]

Experimental visualization Imaging techniques
mostly used

[81, 140, 417]

Effect of fouling process Spray characteristics [25, 162, 384–386, 397]
Injected mass [347]
Orifice design [33, 156]

Effect of fuel composition MMT additive [51, 236]
Ethanol [360, 389]
Olefins [406]
Detergent compo-
nents

[140, 423]

5.10 New Frontiers

At the end of this work, it seemed appropriate to dedicate a small space,
certainly not exhaustive, to some significant research activities concerning
low temperature combustion engines (LTC), that, in the last years, in order
to respect the increasingly stringent emissions rules, are attracting growing
interest. The Gasoline Direct Injection Compression Ignition (GDCI) engine
is one of the most promising technologies in this category. GDCI engines
merge high compression-ignition efficiency with the low CO2, NOx and PM
emissions of spark ignition (SI) engines [185, 329, 416]. The auto-ignition
is controlled with the injection timing: it takes place late, during the com-
pression stroke, and, differently from Homogeneous Charge Compression
Ignition (HCCI) engines, a stratified charge distribution within the cylinder
is created [131, 169]. This is important because a homogeneous charge is a
relevant issue in controlling the start of auto-ignition [77]. The compression
ratio of the GDCI engines is, of course, much higher than classical SI.

Sellnau M. et al. developed three generations of GDCI engines, opti-
mizing different aspects [326, 327, 331]. Engine dynamometer tests showed
that the GDCI engine’s brake specific fuel consumption (BSFC) is better than
diesel and SI engines, it is comparable with hybrid vehicles, and the emis-
sions targets of combustion noise, NOx and smoke are met [327]. The sec-
ond generation of GDCI engine [331] uses, in all operating conditions, Partial
Premixed Compression Ignition combustion to avoid the use of spark-plugs
and combustion switching systems. Relevant improvements to the injection
system and, EGR after-treatment have been implemented to meet stringent
US Tier 3-Bin 30 emissions standards. Engine tests showed that these limits
have been respected and BSFC is 11.8 % better than the first generation. The
third generation [326] features wet-less technology to avoid wall impinge-
ment. The new engine has a special cylinder head with a shallow pent roof
to achieve a high compression ratio.
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Various researchers consider multiple injections during the compression
stroke as the best strategy to achieve the desired mixture stratification [179,
181, 329, 330]

An efficient mixture stratification can be obtained also with an optimized
piston bowl geometry and a variable valve train system, as simulated by
Crancknell R. et al. [77]. The use of a glow-plug is another solution used to
enhance combustion.

The most important consequence of a low temperature combustion is that
the GDCI engine’s NOx and particulate emissions are significantly lower
than other combustion systems, even allowing the complete elimination of
relative after-treatment devices [332]. On the other hand, the GDCI engine’s
HC and CO emissions are relatively high and for this reason various studies
have been conducted especially regarding fuel composition [328]. Storey J.
et al. [353] analyzed RON 80 E0 and RON 92 E10 gasolines with the Fluo-
rescent Indicator Adsorption (FIA) method and they tested them on a light-
duty GDCI vehicle, understanding that a more reactive gasoline like RON
80 E0 has a overall lower HC emission. Another problem of such engines
is combustion noise and ringing intensity; studies in this field conclude that
injection timing can strongly reduce this phenomena [88, 330, 332].

Table 5.10 summarizes the new frontiers regarding gasoline direct injec-
tion engines.

TABLE 5.10: New Frontiers Summary Table

Topic Analysis/Comment References
LTC combustion GDCI engines general in-

formation
[169, 185, 329, 416]

GDCI studies Tests of the three genera-
tions developed

[326, 327, 331]

Injection strategies [179, 181, 329, 330]
Combustion and emissions [77, 131, 169]
Fuel composition optimiza-
tion

[328, 332, 353]

Combustion noise [88, 330, 332]
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Chapter 6

ECN Spray G
Experimental-Numerical
Characterization

6.1 Investigation Methodology

The main goal of the investigation is to simulate a higher-pressure spray, con-
sistent with the experimental observations, aiming to bring a broader com-
prehension of the spray characteristics, attempting to understand the corre-
lation present between the injection parameters and the occurrence of such
phenomenon. In fact, due to the small size of the injector nozzle diameters
and the high fuel injection velocities, it is difficult to obtain a complete un-
derstanding of jet evolution by relying only on experimental observations
and measurements. Specifically referring on the mass and heat transfer pro-
cess in a flashing spray, optical techniques such as schlieren and Mie scat-
tering do not provide information regarding temperature and mass concen-
tration of the spreading jet [213]. For this reason, a numerical reconstruction
of the spray injection should be performed. An experimental campaign was
conducted at the Istituto Motori CNR laboratories. The Engine Combustion
Network (ECN, an international collaboration project involving researchers
from all over the world) Spray G injector (8-hole gasoline direct injector) was
investigated by means of Mie-Scattering and schlieren imaging technique.
The liquid and vapour envelopes of the injected spray was evaluated in ECN
standard condition (Table 6.1). The numerical model was so validated by
comparing the images of the jet morphology and the axial penetration length

Fuel Temperature (K) 363.15

Ambient Temperature (K) 573.15

Ambient Density (kg/m3) 3.5

Injection Pressure (MPa) 20

Injection Duration (µs) 680

TABLE 6.1: Case study therm-dynamic parameters
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in both experimental and numerical investigations. The experimental pen-
etration length represents the distance between the nozzle exit and the fur-
thest point on the spray contour, measured along the axis of the jet, as shown
in Figure 7.14. The acquisition of the penetration length ends off as the jet
overcomes the vessel window acceptance.

FIGURE 6.1: Axial Penetration Length Measurement.

Liquid and vapour numerical penetration values were respectively com-
puted as the axial distance from the injector where 99% of the liquid mass
and a mixture fraction of 0.005 were found [15]. Once the numerical model
was validated, it was possible to obtain a quantitative measure of the above-
mentioned parameters.

6.2 Experimental Apparatus

The experimental investigations were carried out injecting iso-octane in a
heated, optically accessible, constant volume chamber (CVC) filled with pres-
surized nitrogen. The Engine Combustion Network (ECN) Spray G injector
[104] consists in a 200-bar maximum pressure 8-hole gasoline direct injector,
manufactured ad hoc by Delphi, following the specifications provided by the
ECN circuit. The geometry and the main characteristics of the Spray G injec-
tor are reported in Figure 6.2 and Table 6.2 respectively.

Isooctane fuel was chosen as fluid (ρ=690 kg m−3 at 25 ◦C), according to
"Spray G Operating Conditions" supplied by ECN [104]. A pneumatic pump
was used to introduce the fuel inside a common rail device at the required
operating pressure. An electrical resistance was adopted for heating the fuel
contained in the rail and the temperature was controlled by a J-type thermo-
couple. The injector nozzle temperature was also controlled by mounting a
coolant jacket around the injector. The injection process was driven by a pro-
grammable Electronic Control Unit (PECU) for energizing the current neces-
sary to activate the needle lift. For all the experimental conditions, the ener-
gizing time was set to 680 µs, according to ECN specifications. The tests were
performed in the CVC, optically accessible through three quartz window, 80
mm in diameter, surrounding the cylindrical test chamber which permits the
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FIGURE 6.2: Spray G Injector Geometry [21].

access to a wide area of the spray under investigation. The injector was lo-
cated at the top of the vessel in a customized holder, paying attention to the
“plume directions” with respect of the camera lens. The eight plumes of the
Spray G injector were distributed in three groups as shown in Figure 6.3

FIGURE 6.3: Schematic of plume directions with respect of cam-
era line-of-sight [21].

Gas pressure conditions in the vessel (N2) was varied by gas addiction,
while the temperature was increased up to the required value through a sys-
tem of electrical heaters integrated in the chamber. To reduce heat losses
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Fuel Injector Delphi solenoid-activated

Number of holes 8

Spray shape circular

Nozzle type Valve-covered orifice (VCO)

Nozzle shape Step hole

Orifice diameter 0.165 mm

Orifice length 0.16 - 0.18 mm

Orifice drill angle 37◦

relative to nozzle axis

Full outer angle 80 ◦

TABLE 6.2: Spray G Injector Characteristics.

through the chamber walls and to ensure a homogeneous temperature in-
side it, the inner surfaces of the vessel were coated with insulating material.
More details of the above-mentioned setup are reported in [14, 253]. For the
characterization of the fuel spray evolution both the liquid and the vapour
phases have to be discerned. So, with the aim of capturing the peculiar-
ities of a multi-phase fluid, an approach that combines two different non-
intrusive optical techniques, working in alternative and quasi simultaneous
mode, was proposed at Istituto Motori [249]. The schlieren optical technique
is sensitive to the gradient of the density generated by the fluids flow along
the optical path and resulting in variations of the refractive index of the fuel.
For this reason, this optical technique is suitable for visualizing transparent
media, such as gases, and it was recently adopted by the authors for an ex-
perimental characterization of a methane injection. So, the multiple phase
liquid/vapour mixture was investigated by the schlieren technique, while,
on the other hand, the high-speed Mie scattering imaging was used to vi-
sualize the liquid phase. By superimposing the Mie scattering images onto
the schlieren one it was possible to highlight the differences between the two
phases. The optical setup is schematically shown in Figure 6.4.

Schlieren setup was realized according to the traditional Z-type config-
uration. The schlieren source is a high-power pulsed LED lamp (Omicron
LED MOD V2) that emits a light radiation at the wavelength of 455 nm. The
beam is collimated through a first off-axis mirror (500 mm parent focal lent).
The generated collimated beam crosses the spray in the chamber, and it is
deflected and focused by a second off-axis mirror (same characteristics of the
former). A knife-edge, mounted orthogonally to the spray propagation di-
rection, is placed at the focus of the second mirror. Finally, a biconvex lens
converts the images in the camera through its objective. The Mie scattering
images were generated by a high-frequency copper vapour laser at the rate
of 12.5 kHz. Both the schlieren and the Mie scattering images were acquired
along the same optical path, by using a high-speed C-Mos camera (Photron
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FIGURE 6.4: Optical setup for quasi-simultaneous Mie scatter-
ing and schlieren imaging technique..

FASTCAM SA4), working at a rate of 25,000 frames per second (fps) and re-
alizing an image window of 384x352 pixels. The camera was equipped with
a 90 mm focal lens resulting in a spatial resolution of 4.5 pixel/mm. Mie scat-
tering and schlieren images were captured in a nearly simultaneous fashion
using a TTL triggering signal generated by a pulse generator. The differ-
ences between the liquid and gas phases were highlighted by a customized
algorithm of image processing. A complete description of this procedure is
reported in [249].

6.3 Numerical Background

The numerical activities were performed on CONVERGE software suite. It
is a general-purpose CFD tool that features also mesh movement, forced em-
bedding and an adaptive mesh refinement algorithm (AMR). AMR refines
mesh where high specific field gradients are calculated without significantly
increasing the total number of computational cells. The grid dimensions and
the refinement strategies were chosen accordingly to ECN Spray G informa-
tion available on the website [104], the work done by Allocca L. et al [15]
and CONVERGE reference material [306]. In particular the base grid dimen-
sions are of 1 mm x 1 mm x 1 mm and the near nozzle zone were refined
with a mesh up to 0.125 mm. Finally, the AMR is enabled by the velocity
gradient and level adopted is three giving a 0.125mm x 0.125mm x 0.125mm
grid around the jet. The modelling of the spray with the surrounding air
was performed thanks to the Eulerian-Lagrangian coupling approach and a
RANS Standard k-� turbulence model. The liquid phase was modelled with
a DDM (discrete droplet model) framework using the combination of KH-
RT (Kelvin Helmoltz - Rayleigh Taylor) models to describe both primary and
secondary breakup, Frossling correlation for general vaporization. The other
sub-models are reported in Table 6.3. Kelvin Helmholtz (KH) – Rayleigh
Taylor (RT) model well describes the overall injection process including both
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Breakup Kelvin-Helmholtz Rayleigh Taylor

Turbulence Standard k-�

Turbulent Dispersion O’Rourke Model

Evaporation Frossling

Collision NTC collision model

Drop Drag Dynamic Drop Drag

TABLE 6.3: CFD sub-models used.

Kelvin - Helmholtz Rayleigh- Taylor

Breakup size constant 0.61 0.6

Breakup time constant 7.0 1

TABLE 6.4: Breakup models constants

primary and secondary breakup [152]. The breakup mechanism is chosen
time by time as the one that predicts the short breakage time [102]. Usually
KH model acts as the droplets leave the nozzle, while the RT model, charac-
terized by a faster reduction rate of the droplets size, is applied only beyond
a certain distance from the injector [278]. [278]. The parameters adopted for
the breakup models are reported on Table 6.4. The two breakup mechanisms
act in a competitive manner as the liquid exits the nozzles (liquid core length
equal to zero). The parameters values were chosen relying on bibliographic
material such as [278] and, especially, what suggested from ECN network .
The numerical code uses two angle values as input: the plume direction and
the plume cone angle. Their values are reported on Table 6.5.

Basically, the vaporization of the spray droplets is governed by two phys-
ical phenomena:

• Heat transfer from the hotter gas to the colder drop.

• Convective and diffusive mass transfer from the droplet surface to the
gas environment, resulting in a variation of the liquid droplet radius
over time.

CONVERGE contains vaporization models to take into account of the ra-
dius variation (Frossling correlations or Chiang correlations) and two differ-
ence methods for computing the heat transfer to a drop [306]. About the

Plume Direction 37 ◦

Plume Cone Angle 30 ◦

TABLE 6.5: Spray angles used for the numerical simulation
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thermal transfer, for all the droplets whose radius is smaller than or equal
to a specified value, the droplet temperature is assumed uniform and the
temperature field is solved using two ordinary differential equations (Uni-
form Temperature Model). For the droplets whose radius is larger than the
specified value, the droplet temperature is assumed spherically symmetric
and temperature is solved using a partial differential equation (Discretized
Temperature Model). To describe the evaporation of the liquid droplet into
gaseous vapour, the Frossling correlation was chosen in this work. It allows
to determine the time rate of change of droplet size as:

dr0

dt
= −αspray ρgD

2ρlr0
BdShd (6.1)

where: - αspray is the user-specified scaling factor for the mass transfer
coefficient; - D is the mass diffusivity of liquid vapor in air; - Shd is the
Sherwood number, here defined as:

Sh =
�

2 + 0.6Re0.5Sc0.33
� ln (1 + Bd)

Bd

Where: Re and Sc are Reynolds and Schmidt number, respectively; Bd is de-
fined as:

Bd =
Υ∗

1 − Υ1

1 − Υ∗
1

where Y∗
1 is the vapor mass fraction at the drop’s surface and Y1 is the va-

por mass fraction. Finally, for the droplet collision processes the No Time
Counter (NTC) method was adopted. The “plume direction” and “plume
cone angle” were defined referring to experimental investigation performed.
The injected fuel mass-flow profile is available due to specific measurement
and is shown in Figure 6.5. The discharge coefficient and velocity coefficient
were calculated using the information available on ECN website [104].
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FIGURE 6.5: Mass-Flow Rate.

6.4 Results

The main results obtained in this work feature:

• The validation of the numerical model of the spray against the experi-
mental data, for both ECN standard and flash boiling conditions.

• The investigation of the causal factors that influence the spray behaviour.

In order to evaluate the model reliability, numerical results were validated
against experimental data in terms of general spray shape and penetration
length. The spray shape was represented plotting a rendering of the sim-
ulated spray and comparing it with the experimental images. Figure 6.6
shows such comparison for both ECN standard at different time-step, with
the schlieren pictures on the right and the numerical reconstruction on the
left. The schlieren technique captures both spray’s liquid and vapour phases.
The simulated spray was obtained by overlapping a volume rendering of the
iso-octane vapour mass fraction with a visualization of the liquid droplets.
The map colour goes from white to black accordingly with increasing values
of vapour mass-fraction. For the whole injection duration and for both anal-
ysed conditions, the numerical model is capable to describe the jet behaviour
and to replicate the spray shape recorded experimentally. By observing the
evolution of the spray in standard condition the single jet plumes are clearly
recognizable, (sequence in Figure 6.6).

Figure 6.7 illustrates a comparison between numerical and experimental
vapour (Figure 7-6.7) and liquid (Figure 7-6.7) penetration for ECN Standard
case. On the experimental penetration curve the error bars were reported.
The results show a general good agreement. Small differences are recog-
nizable, for the liquid penetration, near the end of the acquisition window.
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FIGURE 6.6: Comparison between experimental schlieren im-
ages (right half circle) and numerical computed iso-octane mass

fraction (left half circle) for ECN Standard condition.

However, it worth noting that the major differences between the numerical
and the experimental results are bounded by the error bars. The following
Figure 6.8 and Figure 6.9 provide a further validation of the reliability of
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FIGURE 6.7: Numerical and experimental penetration for ECN
Standard case.

the developed model in describing the spray breakup and its general evo-
lution. In particular, Figure 6.8 shows a comparison between the centerline
axial velocity, computed (using the numerical results) at a distance of 15 mm
from the injector’s nozzles, and experimental PIV measurement regarding
the ECN Standard condition available in literature [104, 278]. The temporal
evolution shows a good agreement between the two datasets. The velocities
are negative and this means that there is a recirculation zone where the air
flows from the bottom to the top of the injection environment.

Indeed, numerical results provide information regarding the air circula-
tion around the spray too. Figure 6.9 represents a vertical cross-section of
the spray where the air entrainment was represented overlaying the velocity
vectors over the vapour mass fraction colour map. The direction of velocity
vectors underline that the air enters from the bottom of the spray and go back
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FIGURE 6.8: Temporal evolution of the centerline axial velocity
at a distance of 15 mm from the nozzles of the injector. Exper-
imental and numerical data were plotted against the injection

period.

up to the nozzle [178].

FIGURE 6.9: Iso-octane vapour mass fraction and velocity vec-
tors at t=800 µs
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Figure 6.10 represents the Sauter Mean Diameter (SMD) evaluation at dis-
tance of 15 mm from the nozzles of the injector. The SMD, computed from the
numerical results [39], was compared against the phase-doppler interferom-
etry measurement performed by researchers of the ECN community [104].
The SMD diameter computed does not perfectly match the measurements.
This misbehaviour could be fixed properly setting the velocity coefficient as
suggested by Paredi et al [278]. Indeed, a greater velocity coefficient lead to a
reduced liquid droplets velocity and consequently to a higher average SMD.

FIGURE 6.10: Sauter Mean Diameter (SMD) evaluation at a dis-
tance of 15 mm from the nozzles of the injector. Experimen-
tal and numerical data were plotted against the radial distance

from the injector axis.

Finally figure 6.11 shows the time evolution of iso-octane vapour mass
fraction for ECN Standard case which reaches values approximately equal to
0.3 highlighting the fact that the relatively high ambient density (3.5 kg m−3)
inhibits the fuel vaporization.
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FIGURE 6.11: Iso-octane vapour mass fraction time evolution
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Chapter 7

Numerical modelling of
flash-boiling breakup and spray
collapse

7.1 Flash Boiling in GDI engines

In gasoline direct injection engines, the flash-boiling phenomenon usually oc-
curs when the fuel is injected directly into the combustion chamber very early
during the intake stroke (sub-atmospheric conditions) to promote the forma-
tion of a homogeneous mixture [295]. Moreover, for such engines, multi-
hole injectors are commonly used due to the flexibility of plume targeting,
precise control of the injection timing and quantity, high spray velocity and
enhanced air entrainment [205]. However, under flashing conditions, de-
pending on the degree of superheat and the number and proximity of the
injection holes, the enhanced radial dispersion of the single plumes may in-
crease the jet-to-jet interaction, leading to the collapse of the spray [418]. The
higher axial momentum of the collapsed spray may lead to increased piston
wall-wetting, which in turn can cause the formation of exhaust soot [387].

Typically, the fuel breakup caused by flash boiling occurs inside or in the
close vicinity of the nozzle exit, where it is very difficult to obtain measure-
ments on the single spray plumes, due to the presence of a dense and com-
plex liquid–vapour flow field [9]. For this reason, experimental investiga-
tions can only provide limited information regarding the breakup process
and the collapse of the sprays. However, this data is essential to develop
and validate numerical models capable of reproducing such a complex phe-
nomenon and capturing the interaction of near-nozzle plumes and the con-
sequent spray collapse.

There have been considerable efforts made to model the whole flash-
boiling process from its initiation (bubbles nucleation) to its completion (bub-
ble burst), passing through the bubble-growth step. The common approach
is to adjust the model according to the experimental observations. Neverthe-
less, such “empirical models” fail to explain the physics behind the process
and are not capable of predicting the collapse of the spray [46]. For this rea-
son, it would be advisable to use a numerical predictive model which, once
validated against experimental measurements, is able to automatically cap-
ture not only the spray morphology, but also the flash-boiling characteristics,
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such as drop shattering due to bursting of the vapour bubbles (breakup cri-
terion), and the radial velocities and sizes of the subsequent smaller droplets
(child droplets).

The present study deals about the development,within the OpenFOAM
library, of an innovative breakup model to describe the superheated spray.
The Engine Combustion Network (ECN) Spray G injector was chosen as a
case study. The model was tested and validated using experimental data
collected at the Istituto Motori of CNR in Naples, for different operating con-
ditions.

7.2 Thermophysical description of flash boiling

Flash boiling is the liquid-to-vapour phase transition that occurs when high-
temperature liquid fuel is injected into an environment where the pressure
is lower than the fuel saturation pressure. The spray morphology drastically
changes, modifying the air–fuel mixing with consequences on the combus-
tion quality and, therefore, pollutant emissions and engine performance. A
deep understanding of this complex phenomenon is required to develop con-
sistent numerical models to properly exploit the flash boiling in GDI engines.
Flash boiling involves the nucleation, rapid growth, and subsequent burst-
ing of vapour bubbles, producing a catastrophic disintegration of the liquid
droplets inside or immediately outside the injector nozzle. Figure 7.1 shows
the vaporisation process of an initially sub-cooled liquid(state A) through an
isothermal transformation that leads it to a state D, located below the satu-
ration line, meaning that the fluid has a pressure lower than its saturation
value. A liquid in the state D, superheated fluid, is in a metastable condition.
It can maintain its metastable state for a significant period, until local fluctu-
ation of pressure or a nucleation site triggers the phase change process [226].

The transition from a metastable to a stable phase (point C) starts from
the nucleation of a vapour bubble in a metastable equilibrium with the sur-
rounding liquid. At the equilibrium condition, the pressure inside the bubble
is greater than the pressure of the liquid, while the temperature of the latter
is greater than that of the vapour inside the bubble. Two parameters are
frequently used to describe the superheat level [195]. The first, the defined
degree of superheat, is the difference between the liquid temperature, T0, and
the saturation temperature at ambient pressure, Tsat(p∞):

ΔT = T0 − Tsat(p∞) (7.1)

The second is defined as the ratio between the ambient pressure and the sat-
uration pressure at the liquid temperature:

Rp =
p∞

psat(T0)
(7.2)
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FIGURE 7.1: Typical pressure vs specific volume curve for a
pure substance. Dashed area indicates the metastable super-

heated liquid region.

Flash boiling is expected to occur when this ratio assumes a value less than
unity and three regions can be identified according to the Rp value: full flash
boiling, a transition region and a non-flash-boiling region as shown in Table
7.1

Rp < 0.3 Full flash boiling
0.3 < Rp < 1 Transition region

Rp > 1 Non-flash-boiling

TABLE 7.1: Ambient to saturation pressure ratio ranges

The initial radius, Ri,0, of a vapour bubble arises from the equilibrium
between the liquid surface tension (σ) and the pressure forces inside the bub-
ble–droplet system, as described by Equation 7.3

Ri,0 =
2σ

psat(T0)− p∞
(7.3)

Vapour bubbles with a smaller radius than this value cannot be formed be-
cause they collapse under the force of the surface tension. Any variation of
the pressure difference "psat(T0)− p∞" will cause the bubble to grow or col-
lapse and for this reason it is called the critical radius.

The growth is then driven by the difference between the bubble vapour
pressure, pv = psat(T0), and the ambient pressure, p∞, while the surface ten-
sion, liquid inertia and fluid viscosity are opposed to bubble growth [275].
During this process (path C-E in Figure 7.1), the fuel on the bubble surface
evaporates. The bubble’s superficial temperature drops and the latent heat
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of evaporation is transferred from the liquid to the bubble, causing the for-
mation of a thin thermal boundary layer from the bubble wall towards the
liquid. The vapour pressure drops to the ambient pressure and growth of the
bubble results, driven by thermal conduction. The last stage of a flash-boiling
injection is the atomisation process, which consists in the micro-explosion of
the droplets [275]. During such shattering, the liquid jet increases its plume
cone angle due to the intense radial momentum acquired by the droplets.
A proper representation of the flash-boiling process should consider all the
phenomena here exposed.

7.3 ECN Spray G: Numerical characterisation of flash-
boiling conditions

In this study, the Spray G of the Engine Combustion Network is considered
(injector serial 19). Spray G is a stepped-hole valve-covered orifice (SVCO)
type injector, having an 80◦ outer cone angle with 8 holes. The main charac-
teristics of such device are reported in Table 7.2

The principal topics of the latest ECN workshops were the investigation
of the internal and near-nozzle flow of a Spray G injector and the optimisa-
tion of the fuel–air mixing process, with particular attention paid to the ex-
perimental and numerical characterisation of the flash-boiling phenomenon
[104].

The details of the dense and multi-phase flow inside or in the close vicin-
ity of the nozzle orifices are fundamental for predicting the occurrence of
flash boiling. Neutron imaging, backlit microscopy and X-ray radiography
represent the most innovative techniques capable of providing information
on the internal geometry and pintle motion of the injector and visualising the
plume-to-plume interaction at the nozzle exit. These data contribute to the
numerical reconstruction of the flow inside the injector. The most recent ef-
forts in modelling the internal and near-nozzle flow in the context of a Spray
G injector were reviewed in [244]. These models all involve a purely Eulerian
approach, which treats both gas and liquid droplets with transport equations
to account for the phase distribution. The two-phase flow can be modelled by

Spray shape Circular
Nozzle type Valve-covered orifice (VCO)
Nozzle shape Stepped-hole
Orifice diameter 0.165 mm
Orifice length 0.16 – 0.18 mm
L/D ratio 1.4
Orifice drill angle 37◦ relative to nozzle axis
Full outer angle 80◦

Flow rate 15 cc/s @10 MPa

TABLE 7.2: Main characteristics of the Spray G injector
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either a volume-of-fluid (VOF) or a homogeneous relaxation model (HRM)
[261].

Due to the huge computational resources required, a purely Eulerian ap-
proach is not suitable for modelling the spray mixing process, which mainly
occurs far from the nozzle. For this reason, a combined approach of a Eu-
lerian scheme for the gas phase and Lagrangian particle-tracking methods
for the liquid droplets must be used. To properly reproduce the physics in-
volved in a flashing multi-hole spray injection and predict the radial expan-
sion of the plume, specific spray sub-models must be used and calibrated.
Furthermore, using the Lagrangian approach for initialising the velocity of
the injected droplets, the plume cone angle value represents a mandatory
input parameter.

Conventional breakup models, such as the Kelvin Helmholtz– Rayleigh
Taylor (KH-RT) or the Reitz–Diwakar (RD) models, coupled with the RANS
turbulence framework, are not capable of reproducing the different flash-
boiling conditions without changing specific constants and, especially, tun-
ing the plume cone angle with values that may not be consistent with those
experimentally measured. Furthermore, such approach tends to overesti-
mate the intensity of the collapse, assuming that the spray has an “umbrella”
morphology and providing unrealistic droplet diameters [101, 240]. Only a
few studies illustrating methodologies capable of predicting flashing sprays
correctly are present in the literature. The Rutland diameter reduction tech-
nique was used by Paredi et al. [279], the secondary breakup parameters un-
der flash-boiling conditions. Recently, Tao et al. [361] proposed a correlation
that is a function of the pressure ratio and the fuel properties, for an auto-
matic prediction of the spray cone angle for flash-boiling spray initialisation
at the nozzle exit. The CFD code was implemented in ANSYS Forte and the
KH–RT breakup model was modified to account for the catastrophic droplet
shattering at the nozzle exit under flash-boiling conditions. The model was
validated against several experimental data from different injectors, includ-
ing the Spray G injector, showing a good ability to capture the global spray
morphology and plume interactions, under a wide range of flash-boiling con-
ditions.

Another approach for modelling the spray dynamic, used for the flash-
boiling condition too, is the so-called Eulerian-Lagrangian spray atomisation
(ELSA) method. Typically, it consists in a purely Eulerian description of the
multi-phase flow inside the nozzle which provides the boundary conditions
for Lagrangian-Eulerian simulation of the spray for the downstream flow
field (“one-way coupling”) [243, 266]

In order to offer a contribution to better simulate the spray evolution of
the ECN G injector operating in flash-boiling conditions, the authors decided
to use the Eulerian-Lagrangian modelling approach that accounts for a dif-
ferent flash-boiling breakup mechanism based on bubble growth within the
droplets. It describes more properly the shattering of the droplets and con-
siders the spray expansion that modifies the velocity vectors.
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7.4 Numerical methodology

The new breakup model, fbBreakup, was developed in OpenFOAM’s Eulerian-
Lagrangian solver, sprayDyMFoam. The model simulates the flash-boiling
breakup of the bubble–droplet system, shown in Figure 7.2, and the sec-
ondary aerodynamic breakup with the Reitz–Diwakar model.

Vi

Vo

𝜂(𝑡𝑏)

Ri (t)

Ro(t)

Ri (t)

Ro(t)

a) b)

FIGURE 7.2: Time evolution of bubble–droplet system.

Flash-boiling breakup is due to the oscillations that are established along
the droplet and bubble surfaces (Figure 7.2-a). The atomisation occurs when
the instability amplitude grows larger than a characteristic length of the spray
(Figure 7.2-b) [300]. For the bubble-droplet system, the disturbance, η, grow-
ing with a rate ω, is given by:

ln
�

η

η0

�
=
� t

0
ωdt (7.4)

and the characteristic length can be chosen as the film thickness, the time-
varying difference between droplet radius Ro(t) and bubble radius Ri(t) (outer
and inner radius of the bubble-droplet system). Assuming the initial dis-
turbance η0 proportional to the initial droplet radius, η0 = 0.05 · Ro (t0) , a
breakup criterion, for bubble-droplet systems under thermal non-equilibrium,
can be expressed as:

η0e
� t

0 ωdt

Ro(t)− Ri(t)
= kb(t) (7.5)

After a time tb, when the instability amplitude equals the film thickness
�
kb (tb) = k̄b = 1

�
,

breakup occurs. k̄b is a potential parameter for model gatimisation to take
into account the complexities found in real bubble-droplet systems. As a first
approximation, usually and within the context of the current study, it is as-
sumed equal to one. The instability growth rate ω is the largest real root of
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the following normalised growth rate equation:

�
Δ − Δ2 − ψoΔ

�
Ω2 +

�
−1 + Δ4 + ψo

�
We1/2

o Ω + 2Δ2

+2Δ−2 − 3ψi
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i
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where:

Ω =
�

ρ�Ri
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ρ�V2
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ρ�V2

i Ri
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Vi
c

Δ = Ro
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ρ�

, → ψi =
ρgi
ρ�

(7.7)
Vi and Vo are the bubble and droplet growth rate, respectively. Indeed, as
previously mentioned, the model considers a bubble growing within each
superheated droplet.

The initial bubble radius can be computed using Equation 7.3, while the
bubble growth rate was computed from the Rayleigh-Plesset equation, as-
suming spherical ’symmetry:

RR̈ +
3
2
(k̇)2 =

1
ρl

�
pv − p∞ − 2σ

R
− 4µ

R
Ṙ
�

(7.8)

where R, R and �R are respectively the bubble radius and its first and second
derivatives, ρl ’ is the liquid density and µ is the dynamic viscosity. Solving
the Rayleigh-Plesset equation, the bubble growth rate is equal to:

Vi =

�
3
ρl

(psat − p∞) (7.9)

The droplet growth rate can be expressed as a function of the bubble growth
rate [419]:

Vo = Vi · Δ2 (7.10)

The expansion of such bubble leads to the explosion of the droplet. This
kind of breakup is responsible for expansions of the spray plume and the
eventual further collapse. In order to account for this behaviour once the
breakup occurs, a radial velocity component is added to the original velocity
of the droplet as shown in Figure 7.3

The magnitude of the radial velocity (Ur) is thus equal to:

Ur = kv
3R2

i Vi (Ro − Ri)

R3
o − R3

i
(7.11)

In this way, the new droplet acquires further velocity components:

Ux = Ux,0ld + Uxτ Uy = Uy,oid + Uyr Uz = Uz,old + Uzr (7.12)

The orientation of Ur is random, while kv is a constant for the spray expan-
sion. The new Sauter mean radius of the droplets ( SMR32 ) is expressed by
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FIGURE 7.3: Droplet velocity after breakup updating.

the following relation:
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The model iterates all the parcels present in the domain, checking the condi-
tions for breakup and, eventually, updating the velocity. Each parcel under-
goes only one time to the flash-boiling breakup, and then to the aerodynamic
breakup. Differently from the flash-boiling breakup, the Reitz-Diwakar breakup
model can be applied more times to a single particle. The following relation-
ship ensures the mass conservation after breakup:

nnewd3
new = noldd3

old (7.14)

where nnew and noid are the number of particles, respectively, in the current
parcel system, after and prior to the breakup process.

7.5 Case study setup

The ECN Spray G was studied in four flashing conditions as reported in Table
7.3.

The injection environment is filled with nitrogen while iso-octane is the
fuel injected. In the first column of Table 3, the test cases are indicated with
the acronym “G_SFBxxx” (G strong flash boiling), while “xxx” reveals the in-
jection pressure (bar). These conditions, not included among the ECN ones,
were investigated to better highlight the effects of flash boiling on the spray
structure. The newly developed solver, named fbsprayDyMFoam, was used.
The integration domain is a cylinder with a diameter of 90 mm and height
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Fuel Ambient Ambient Injection Injection
Case temperature temperature density pressure duration Rp

[K] [K] [kg m−3] [bar] [µs]
G2

363.15 333.15

0.5 200
680

0.55
G_SFB200

0.2 0.26G_SFB150 150
G_SFB100 100

TABLE 7.3: Case study summary

of 74.8 mm that reproduces the internal geometry of the CVC (constant vol-
ume chamber) used in the experimental campaign. Geometry discretisation
is performed using a structured mesh of 1 mm in each direction and an adap-
tive mesh refinement (AMR) based on the velocity gradient. Three meshes
were adopted: a base grid featuring an AMR of level 2 up to a dimension
of 0.25 mm, a fine grid with AMR of level 3 and coarse mesh with AMR of
level 1. The Eulerian framework of the model uses the PIMPLE algorithm
for governing equations solution, the RANS Standard k-� turbulence model
and the Euler time integration method with a variable time step. The La-
grangian framework features the discrete droplet method (DDM) and the
physical sub-models, as reported in Table 7.4.

Injection model Flow rate + discharge
Injection droplet distribution Rosin–Rammler

Breakup fbBreakup
Heat transfer Ranz–Marshall
Vaporisation Adachi

Collision O’Rourke (with coalescence)
Dispersion Stochastic dispersion

TABLE 7.4: Lagrangian framework physical sub-models.

Mass flow rate profiles vs time are reported in Figure 7.4 for the different
injection pressures at the ECN set energising time of 680 µs. The profiles
overlap in the common part, during the opening and closing phase, while
the stationary level increases coherently with the injection pressure. Hence,
the corresponding amount of the injected fuel moves from 7.0 mg/str @ 100
bar to 10.0 mg/str @ 200 bar.

Further spray geometrical and hydraulic parameters are shown in Table
7.5. The discharge coefficient was computed using the information available
on the ECN website [104].

G2 G_SFBxxx
Plume injection direction 30◦ 25◦

Discharge coefficient 0.64

TABLE 7.5: Geometrical and hydraulic injection parameters.
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FIGURE 7.4: Mass flow-rate profiles corresponding to the three
injection pressures.

The plume injection direction is defined as the inclination of the plume
axis with respect to the injector axis. For further details see [105]. These val-
ues were obtained from the experimental campaign carried out taking into
account the spray orientation and thus performing the proper measurement
procedure. Table 7.6 reports the breakup parameters for both flash-boiling
and aerodynamic atomisation. Cbag, Cb, Cstrip and Cs are the Reitz–Diwakar
breakup model constants, the latter chosen according to the literature refer-
ences [240].

G2 G_SFBxxx
kb 1
kv 1 2.5

Cbag 2
Cb 0.785

Cstrip 0.5
Cs 1

TABLE 7.6: Breakup parameters.

The validity of the adopted numerical approach was proved using experi-
mental data of the spray acquired at the Istituto Motori – CNR of Naples. The
characterisation of the fuel spray evolution for both liquid and vapour phases
required the adoption of different optical techniques. The spray morphology
was investigated by the two techniques of schlieren and Mie scattering and
acquiring the images along the same line-of-sight. The optical setup is the
same described in paragraph 6.2 of Chapter 6 and so not repeated. For all the
investigated conditions both the nozzle and fuel temperatures were kept at
363 K.



7.6. Results and discussion 135

7.6 Results and discussion

The comparison between the experiments and computations was performed
in terms of the liquid and vapour fuel penetration and distribution. The ex-
perimental and computed penetration lengths of the G_SFB200 case are re-
ported in Fig. 7 for the liquid and Fig. 8 for the vapour phases, respectively.
Both the numerical and experimental liquid and vapour penetrations were
computed as the axial distance from the injector where 99% of the liquid mass
and a fuel mass fraction of 0.001 were found, respectively. Ten repetitions of
each experimental configuration were performed for each injection event to
account for cycle-to-cycle variations, and the uncertainty bars in the figures
depict the variance from the average value. The uncertainty of the numeri-
cal results is assessed in accordance with the criterion illustrated by Roache
in [309], where the assessment procedures adopted by the AIAA, ITTC and
IEEE are described and discussed in detail. The apparent convergence order
was calculated for the liquid penetration, resulting as approximately equal to
the value of unity. Adopting an upwind first-order scheme ensures that the
solution is convergent. Therefore, uncertainty was estimated by Richardson
extrapolation.

Figures 7.5 and 7.6 show an excellent agreement between the liquid and
vapour penetrations all along the injection event, also taking into account the
uncertainty bars.

FIGURE 7.5: Numerical and experimental liquid penetration for
G_SFB200 case.

In Figure 7.6 the numerical uncertainty is relatively small until 0.5 ms.
Then, as the injection goes on, the magnitude of the bars increases slightly.
This behaviour is probably due to the turbulence modelling. Indeed, while
the penetration is initially ruled by the jet’s momentum, in the latest phases
of the injection the air entrainment significantly influences both the liquid
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FIGURE 7.6: Numerical and experimental vapour penetration
for G_SFB200 case.

droplets and the fuel vapour penetration. A further grid refinement will
likely reduce the level of uncertainty.

Figure 7.7 shows the simulated spray shape compared with the schlieren
images at different times after the start of injection (SOI). For each time-
frame, the image is divided in two semi-circles: on the left hand there is the
simulated spray, plotted overlapping a volume rendering of the iso-octane
vapour mass fraction with a visualization of the liquid droplets, while, on
the right, the schlieren picture.

Differently from the ECN standard condition [104], where the plumes are
clearly distinguishable, now they interact with each other and bend towards
the central region, creating the spray collapse, with vortexes observed all
along the spray edges. It is not possible to distinguish the profiles of the in-
dividual plumes and the spray appears as a single large jet. Because of the
phase transition, the formation of the steam bubbles entails a greater com-
pactness of the spray. At this condition, a rupture of the intact liquid core
occurs soon after the SOI. The greyscale distribution of the computed images
goes from white to black according to the increasing values of the fuel mass-
fraction. For the whole injection duration, the numerical model is capable
of describing the jet behaviour and replicating the spray shape experimen-
tally recorded. The typical multi-hole flash-boiling spray structures, includ-
ing plume interaction and spray collapse, are well predicted by the flash-
boiling breakup model. Indeed, the radial velocity component (computed
as approximately equal to 20 m/s), added to the droplets after the breakup,
creates the condition for having the initial plume expansion.

The G2 condition is the standard ECN flash-boiling case. The compu-
tational procedure developed is capable of providing reliable results in this
condition, too. Figure 7.8 and 7.9 show the corresponding penetration lengths
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FIGURE 7.7: Comparison between experimental schlieren im-
ages (right half of each circle) and numerical iso-octane mass

fractions (left half of each circle) for G_SFB200 condition.

for the liquid and vapour phases. In the G2 case, the uncertainty was esti-
mated always relying on Richardson extrapolation but using two grids with
a refinement factor of two (0.5 mm and 0.25 mm). Furthermore, given the
two-grid assessment procedure, the most pessimistic safety factor suggested
in [309] was used, i.e. the estimated uncertainty was multiplied by a safety
factor of 3. Speaking about the liquid penetration, a good agreement is recog-
nisable until 1 ms after SOI, when the liquid length reaches a quasi-steady
value due to the vaporisation process becoming dominant.

Figure 7.10 reports a computed (left circles) and experimental (right cir-
cles) spray sequence at different times from the start of injection for the condi-
tion G2. This is a transitional phase where the global spray starts to collapse
and a discontinuity of the spray cone angle begins to appear, especially from
the experimental images. Some plumes from different holes are widely sepa-
rated and can be clearly identified, while others located on the same line-of-
sight partially overlap. Also for this case, the numerical model demonstrates
a good capability to reproduce the corresponding experimental spray shape,
including the mixed area surrounding the liquid dense core.

In this case, the spray’s shape is different from the case of G_SFB200 in
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FIGURE 7.8: Numerical and experimental liquid penetration for
G2 case.
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FIGURE 7.9: Numerical and experimental vapour penetration
for G2 case.

Figure 7.7. Indeed, there is not a strong spray collapse, but instead expansion
of the spray (the radial components are in the range of 5 m/s). The single
plumes are clearly recognisable, and the flash boiling is weaker compared to
the previous situation.

The spray’s non-collapse can be explained by plotting an Rp map of the
G2 and G_SFB200 sprays 480 µs after SOI (Figure 7.11 ). Rp was defined
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FIGURE 7.10: Comparison between experimental schlieren im-
ages (right half of each circle) and numerical results representa-

tion (left half of each circle) for G2 condition.

(Equation 7.2) as:
Rp =

p∞

psat (Td,i)

where:

• p∞ is the ambient pressure;

• psat is the saturation pressure computed, for the single spray droplet

• Td,i is the i-droplet temperature expressed in [K].

In Figure 7.11 the droplets of G2 and G−SFB200 sprays are coloured from
blue to red according to the increasing values of Rp. The near-nozzle red re-
gion identifies the full flash-boiling area while downstream the spray is in
sub-cooled conditions and no further flash boiling takes place. The tendency
of the G_SFB200 plot towards red colour in the near-nozzle zone demon-
strates the fact that a stronger flash boiling is happening in this case with
respect to the G2 case.
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FIGURE 7.11: Rp map of the flash-boiling spray at 480 µs after
SOI for the G2 (top) and G_SFB200 (bottom) conditions.

The spray collapse of the G_SFBxxx cases can be physically explained by
analysing the relative pressure drop. Figure 7.12 depicts the relative differ-
ence between the nominal ambient pressure (pamb) and the local computed
pressure (p) for both the G_SFB200 (left) and G2 (right) cases, defined as:

Δp
pamb

=
pamb − p

pamb
(7.15)

Higher values of the relative pressure drop mean lower pressure zones.
In the G_SGB200 case, an extended lower pressure zone is present around the
vertical axis of the spray (left part of figure), while this is not present in the
G2 case (right part of Figure 7.12). As widely reported in the literature, the
pressure drop is the main reason for the spray collapsing in the flash-boiling
conditions [130, 214]. The flow expansion of the fluid creates low-pressure
cores in between the flashing jets and the whole spray collapses toward its
centre. A further validation of the breakup model is given by Figure 7.13,
which reports, still for the G2 case, the Sauter mean diameter (SMD32) evo-
lution vs time in a plane orthogonal to the injector axis at a distance of 15
mm from the tip. The numerical SMD32 was compared against that obtained
by phase-Doppler interferometry measurements, performed by researchers
of the ECN community [104], for the whole injection duration. The numer-
ical SMD32 was computed by collecting, for each time-step, all the parcels
belonging to a plane 15 mm from the injector tip (within a tolerance of ±3%)
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FIGURE 7.12: Representation of the relative pressure drop for
G_SFB200 and G2 conditions. The low-pressure zone, in red,

causes the spray to collapse.

and applying the following relation:

SMD =
∑Nd

i=1 d3
i

∑Nd
i=1 d2

i

(7.16)

The initial droplet sizes are smaller than the nozzle orifice diameter due to
cavitation effects [295]. Similarly to literature works, applying reduction fac-
tors to the nozzle orifice diameter (nominally equal to 0.165 mm), two differ-
ent Rosin–Rammler distributions were adopted. The resulting mean diam-
eters are represented in Table 7 and they were used to determine the initial
values of the injected parcels. It is worth mentioning that OpenFOAM lim-
its the distribution within a minimum and a maximum value [126]. For this
study the distributions were bounded within ±20 µm of the mean diameter.

Rosin–Rammler 1 Rosin–Rammler 2
Mean diameter µm 120 100

n 3

TABLE 7.7: Parameters used for the two Rosin–Rammler distri-
butions.

The behaviour of both the experimental and numerical curves highlights
an initial decrease of SMD32 which reaches a minimum after which, due to
droplet coalescence [127], it increases. The different values of the two numer-
ical curves of Fig. 15 show how the choice of the initial diameter distribution
strongly affects the resultant diameter distributions of the droplets. It follows
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FIGURE 7.13: Sauter mean diameter (SMD32) evolution at a dis-
tance of 15 mm from the nozzles. Experimental [104] and nu-

merical data were plotted against the time after SOI.

that, in order to provide a valid initialisation of the parcels’ diameters, a spe-
cific injection model should be implemented taking account also of cavitation
and flash boiling occurring within the injector ducts.

Figure 7.14 shows the SMD32 and kb(t) (breakup criterion) values, at 720 µs
after SOI, plotted versus the axial distance from the injector tip. After ap-
proximately 8 mm, the SMD32 ’s value decreases rapidly by about one order
of magnitude and, in the meantime, the kb value reaches approximately the
value of unity. Flash-boiling breakup (primary breakup) occurs almost com-
pletely within this zone (the near-nozzle zone). Downstream, a further light
reduction in SMD32 takes place, due to aerodynamic breakup (secondary
breakup).

Figure 7.15 shows the time evolutions of the instantaneous liquid film
thicknesses, respectively for the G2 and G_SFB200 cases. The liquid film
thickness has to be considered as the difference between the droplet and bub-
ble diameters, (Ro(t) − Ri(t)). It changes over time according to both the
bubble and droplet growth rate. The breakup for the G_SFB200 case occurs
earlier due to a faster bubble growth as a consequence of the lower back-
pressure. The breakup time for the G2 case is double that of the G_SFB200
one, while the thickness values are almost the same at the instant of breakup.

Changing the injection pressure (G_SFB100, G_SFB150 and G_SFB200 cases),
keeping the ambient conditions constant, the spray morphology does not
change significantly, as shown in Figure 7.16 where the experimental schlieren
images (right column) and the numerical reconstructions (left column) of the
spray are shown at 640 µs after SOI. Indeed, the spray morphology depends
strongly on the flash-boiling phenomenon that occurs in all three cases. The
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FIGURE 7.14: Sauter mean diameter (SMD32) and breakup cri-
terion ( kb(t)) plotted against axial distance from injector tip.
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FIGURE 7.15: Droplet film thickness plotted against time since
breakup has occurred.

code seems capable of describing well the spray behaviour and development
under flashing conditions, thus reproducing the global spray shape.

Figures 7.17 and 7.18 show the experimental liquid (Figure 7.17) and vapour
(Figure 7.18) spray penetrations, compared to the numerical ones, for all the
tested injection pressures. The solid and dotted lines represent the experi-
mental and computed results, respectively. The overlapping of the profiles
at the same injection pressure confirms the accuracy of the code in capturing
the spray structure during the entire injection process for both the liquid and
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FIGURE 7.16: Comparison between the experimental schlieren
images (right) and the numerically computed iso-octane mass
fraction (left) for three different injection pressures: 200, 150

and 100 bar at 640 µs from the SOI.

vapour phases. It is worth underlining that the adopted approach is capable
of reproducing these different cases without changing any parameter in the
model, but only updating the amount of mass injected in accordance with
the experimental measurements.

Finally, Figure 7.19 shows the droplets’ SMD32 as a function of the axial
distance, for the three injection pressures. The higher the injection pressure
is, the greater the flash-boiling breakup zone becomes. This is reasonable be-
cause a higher injection pressure means higher jet momentum and thus faster
penetration, which leads to the extension of the zone where flash-boiling
breakup occurs.
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FIGURE 7.17: Numerical and experimental liquid penetration
for the three injection pressures 100, 150, and 200 bar, G_SFBxxx

cases.
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FIGURE 7.18: Numerical and experimental vapour penetration
for the three injection pressures 10, 15, and 20 MPa, G_SFBxxx

cases.
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tip for the three injection pressures of 100, 150, and 200 bar.
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7.7 Conclusions

A breakup model was developed in the OpenFOAM environment and em-
bedded in the sprayFoam Eulerian-Lagrangian solver. It aims to capture the
droplet shattering mechanism present in the flash-boiling of fuel sprays us-
ing linear stability analysis, bubble growth and conservation laws. A ra-
dial velocity component was added to the child parcel in order to account
for the spray expansion after breakup in the near-nozzle zone. Secondary
breakup was then simulated using the classical Reitz-Diwakar model. This
new methodology was used to simulate the ECN Spray G injector in vari-
ous flash-boiling conditions. A qualitative and quantitative validation of this
modelling approach was performed, relying on experimental data collected
using schlieren and Mie scattering imaging techniques. The main findings
are as follows:

• The model is capable of reproducing correctly the spray liquid and
vapour penetrations for different environmental conditions and injec-
tion pressures.

• Numerical uncertainty estimation, performed based on the classical
procedure, ensures convergence of the solution with further grid re-
finement.

• The spray morphology is well reconstructed. Spray expansions, caused
by flash boiling occurring in the near-nozzle zone, were reproduced
thanks to the addition of the radial velocity component.

• Spray collapse, occurring only in strong flash-boiling conditions, was
captured too. The reason for such spray behaviour is the formation of
an extensive low pressure zone right downstream from the injector tip
in the axial direction and inside the plume rose.

• Comparison of the numerical results of SMD32 with experimental data
acquired by [104] using the PIV technique highlights that the imple-
mented breakup mechanism correctly estimates the diameter dimen-
sions, but, in the meantime, great sensitivity was found with respect to
the droplet’s injection diameter distribution.

• The flash-boiling breakup model predicts the breakage of droplets in
the near-nozzle zone where an important reduction of the parcels’ di-
ameter is present.

• The results of the evolution of the liquid film thickness within the bub-
ble–droplet system are very similar for the different analysed condi-
tions, while flash-boiling droplet explosion occurs faster in the presence
of a lower ambient density.

Future developments of this numerical approach should consider the imple-
mentation of a specific injection model accounting for cavitation and flash
boiling occurring within the injector’s nozzles. This is required in order to
correctly initialise the parcels’ diameter.
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Chapter 8

Natural gas as an alternative
energy carrier

8.1 Compressed natural gas: points of strength and
drawbacks

One relatively quick way to reduce vehicular emissions with little change to
overall transportation infrastructure is switching to gaseous fuels like natural
gas (NG). The widespread usage of NG is likely going to be an effective step
in the transition towards efficient and sustainable transportation. The adop-
tion of NG as transport fuel can be implemented in vehicles in two ways
depending on the fuel aggregation state:

• gaseous state, compressed natural gas (CNG), with pressurized tanks
for on-board storage pressures up to 250 bar;

• liquid state liquified natural gas (LNG), with cryogenic tanks for on-
board storage and after been cooled below -160 .

The second option is undoubtedly more technologically complex and eco-
nomically more expensive, although it allows to solve problems inherent to
the vehicle range autonomy. In this work will be considered CNG

The main advantage offered by CNG engines is represented by the low
carbon / hydrogen ratio which means lower CO2 emissions; moreover, the
particulate matter and unburned hydrocarbons emitted are significantly lower.
Furthermore, it was estimated that carbon dioxide emissions per kilometre
travelled are reduced by more than 25%, compared to the petrol counterpart
[210].

CNG is produced by compressing the conventional natural gas and it is
stored in a tank at a pressure of 200-250 bar. The use of compressed natu-
ral gas such as a fuel for transport were discovered in Italy in 1930. By 1995
to 2015, the natural gas vehicles have increased speedily at an annual rate
of 24% (Figure 8.1) and the majority of this vehicles are light duty car [177].
The octane number of natural gas is in a range from 120 to 130 and it means
that the engine has a compression ratio up to 16:1 without knock effect. This
high octane number and consequently a high compression ratio improve the
engine thermal efficiency of about 10% than that of gasoline engine. The
compressed natural gas engine may have the efficiency up to 35%, while the
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FIGURE 8.1: Number of natural gas vehicles worldwide by
years [154].

efficiency of gasoline engine reaches a 25%. The molar mass of natural gas
is 16 g/mol, while that of gasoline is 114,23 g/mol: the lower molar mass
and the light weight of natural gas produce a better homogeneous air-fuel
mixture. A high level of miscibility and diffusion with air is crucial for good
combustion and in fact compressed natural gas being a gaseous fuel at nor-
mal temperature conditions while liquid fuels need time for complete vapor-
ization. Natural gas vehicles have lower cost of maintenance and prolongs
useful life engine than traditional fuelled vehicles. For example, natural gas
does not contaminate engine oil and the life of lubricant is longer. In the
other hand, gasoline comes into the engine as spray and washes down the
oil from the piston rings, leading to wear of the engine. There is not a lead
concentration and it means that compressed natural gas avoids lead fouling
of spark plugs and the life of plugs and piston rings is extended. In this en-
gine, oil changes occur from 5000 to 10000 kilometres depending how the
vehicle is used. Brake specific fuel consumption is 12% to 20% lower than of
gasoline and it is due to speed range. This can be attributed to higher heating
value and to lean and slow burning of compressed natural gas. The heating
value of compressed natural gas is 47,5 MJ/kg while that of gasoline is 43,5
MJ/kg. For this reason, natural gas engine has 5-12% higher brake thermal
efficiency than gasoline engine. About economic system, in most countries,
the compressed natural gas is cheaper than diesel and gasoline despite the
compression costs. Figure 8.2 shows a comparison between the price of nat-
ural gas and the price of diesel and gasoline. Furthermore, is less vulnerable
to the fluctuations of price, besides the fact that its resources are more dis-
tributed over the earth comparing to oil. This means that in countries with
a good natural gas vehicles penetration, the pump price has an average 50%
less than gasoline and diesel price.
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FIGURE 8.2: CNG price compared to gasoline and diesel.

LCA analysis, among the others, can be performed for vehicles and for fu-
els too. Comparing LCA of CNG and diesel light duty vehicles, some studied
done were showed a high efficiency and reduction of CO2 emissions for nat-
ural gas. A model studied in Argonne National Laboratory’s revealed that
compressed natural gas emits approximately 6-11% less of greenhouse gases
than gasoline, during the fuel life cycle. Finally, in 2007 a study for the Cali-
fornia Energy Commission declared that light and heavy duty vehicles have
produced less greenhouse gases emissions in their life cycle than gasoline
and diesel vehicles [177]. Naturally the fundamental component of natural
gas is methane and so the emission factors of this vehicles can be reduced by
installation of an exhaust catalyst.

However, natural gas has some negatives aspects, such as flame speed
and volumetric efficiency, that are balanced with very low emissions linked
to this kind of engine. Natural gas has a slow flame propagation speed, and
this conduces to prolongation of total combustion duration compared with
gasoline or diesel engines. Energy losses are increased, and engine power is
reduced from 5% to 10%. Slow flame propagation speed issue can be solved
mixing natural gas with fuels having fast burning speed and one solution
can be the hydrogen. It is considered the best additive because it has a fast
flame propagation speed, 265-325 cm/s. Moreover, the volume occupied by
natural gas is larger than that occupied by gasoline or diesel engine in a stoi-
chiometric air-fuel mixture : when liquid fuels enter in the cylinder the liquid
particles vaporize and this increase the inlet pressure of the cycle, while com-
pressed natural gas is just gaseous and the rise of inlet pressure is not present.
A way to improve the volumetric efficiency can be increasing the number of
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intake valves per cylinder, a lift valve optimization using turbocharged en-
gine and modifying the design of intake valve. But in this case, costs and re-
liability must be taken into account. Despite this, the emission performance
of natural gas engine leads to a potential benefit for the environment, for
the air quality and for noise. Compressed natural gas is one of the clean-
est vehicle fuels. An interesting case study is the town of Delhi. Delhi has
the biggest public transport system based on compressed natural gas engine.
A comparison made between the levels of environmental pollutants before
and after the adoption of natural gas vehicles showed the decrease of CO,
SO2 and NOx. Indeed, the aspect that decreases the efficiency engine, as a
low flame propagation speed, reduces the maximum temperature into com-
bustion chamber and this behaviour involves dissociation from CO2 to CO.
Also CO2 emissions of compressed natural gas vehicles are lower and can
be decreased by 20% respect those of gasoline because natural gas has high
hydrogen to carbon ratio that is 4:1 while gasoline ratio is 2,3:1 and diesel
ratio is 1,95:1. Taking into account the value of CO2 produced by methane
combustion and comparing this emission with that of other fuels, at the same
heat, the result is that other fuels leads to an higher value, as shown in Figure
8.3.

FIGURE 8.3: Reduction in CO2 emissions [108].

Compressed natural gas burns at a low adiabatic flame temperature due
to leans air-fuel mixture with the excess of air that reduces the peak of com-
bustion temperature and the result is low NOx emissions. Another positive
aspect of natural gas concerns particulate matter emissions: it not has aro-
matic compounds and it has less sulphur compounds than petroleum fuels.
This means that PM emissions are significantly reduced. The high hydrogen
to carbon ratio with a few aromatic compounds content is responsible for the
reduction of volatile organic compounds species (VOCs). It is important to
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consider also the safety of compressed natural gas vehicles. Safety benefits
compared with gasoline and diesel were found because physical properties
make compressed natural gas safer. It has a restricted flammability range that
is 4,3% to 15,2% by volume in air and it means that natural gas will not burn
in presence of a spark, if its concentrations in air is below 4,3% and above
15,2% [173]. Moreover, natural gas is lighter than air (the density of com-
pressed natural gas is 0,68 kg/m3 while the density of air is 1,12 kg/ m3 ,at
atmospheric condition) and in case of leakage natural gas rises and disperses
rapidly don’t forming some pools on the ground that are formed in case of
gasoline and diesel leakage. This fact reduces the probability to have a fire in
case of tank breached. The possibility of accidental ignition of this fuel is low
because, in addition to the flammability range, natural gas has a high auto
ignition temperature that is 540 ◦C, in contrast to auto ignition temperature
of gasoline (258 ◦C) and of diesel (316 ◦C).

All these aspects discussed above, combined with positive results from
studies of compressed natural gas engine, are increasing the interest of re-
searchers to approach experiments of natural gas jets in combustion cham-
ber.

8.2 Compressed Natural Gas in ICE

Besides than DI systems CNG can be implemented on ICE using other kinds
of technologies. For the sake of completeness, a quick overview, of the prin-
cipal solutions is reported in this paragraph.

8.2.1 Bi-Fuel Engines

CNG/gasoline bi-fuel engines are refitted from gasoline engines, by adding
a NG supply and injection system. On average bi-fuel engine reduced CO
emissions by around 80%, CO2 by 20% and HC by 50% and increases NOx
emissions by around 33%, with CNG compared to gasoline. Bi-fuel vehicles
fuelled with CNG also have the potential to reduce the PM emissions com-
pared to gasoline operation under NEDC emission certification mode. For
port injection of CNG, partial air space is occupied by NG and thus the vol-
umetric efficiency reduces. Furthermore, the maximum burning velocity of
methane is 37 cm/s, and it is less than that of gasoline. As a result, power
output of bi-fuel engine fuelled with NG is lower than with gasoline [61]. On
the other hand, with PFI the mixture quality and the homogeneity are better
than DI because air and fuel have more time and space to mix each other.
NOx emissions of bi-fuel engines are higher than the pure-gasoline ones due
to the combustion temperature that is higher for bi-fuel systems.

8.2.2 Dual-Fuel Engines

The "Dual Fuel" technology is based on compression ignition engines. The
operating mode provides that a homogeneous mixture of natural gas and
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air (previously introduced in the combustion chamber) is burned by a pilot
injection of diesel, just before the end of the compression stroke. At load
level, these engines operate exclusively with diesel; as the load increases,
CNG replaces diesel in percentages of the order of 60-90% This technology
still suffers from the high pumping losses due to intake regulations and does
not solve the problem of particulate emissions, typical of diesel engines [396].

8.3 Compressed Natural Gas Direction Injection
Engines

CNG-DI provides that the fuel is introduced directly into the combustion
chamber (at very high pressures) during the compression stroke. The advan-
tages of such technology cab be summarized as follows:

• compensates the reduction of volumetric efficiency associated with PFI;

• increases thermal efficiency;

• reduces the CO2 emissions by 22-25% with respect of diesel engine and
30% less than gasoline engine [396];

• reduces in fuel consumption;

• provides higher torque.

The main advantage of DI technique consist in having available two engine
operation modalities: homogeneous mixture and stratified mixture. The ho-
mogeneous charge operation, designed for medium-to-high engine loads, is
a consequence of early fuel injection. This charge strategy increases the indi-
cated efficiency reducing losses in exchange process and the injection starts
at the end of inlet stroke to minimize the influence of volumetric efficiency. A
very good mixing is obtained with adaptation of advanced injection timing
because if the fuel is injected early, there is a time for fuel air-mixing before
the ignition. It must be highlight that there is a limit on lean operation be-
cause, for further lean conditions (equivalence ratio lower than 1.25), incom-
plete combustion occurs with result of excessive HC emissions. On the other
hand, the stratified charge operation occurs with a late fuel injection close to
compression stroke and when there is a high amount of fuel (rich mixture)
close to spark plug, in the remaining area of the combustion chamber there
is a lean mixture. Stratified operation of CNG engine improves the indicated
efficiency and fuel consumption. The nozzle shape and the characteristics of
the injector have great influence on stratification capability.

Converting a gasoline engine to operate with CNG requires modifications
as redesign of cylinder head to improve the position of direct fuel injector.
Nowadays research is focused on various solutions developed for imple-
menting DI of CNG.

The requirements of a gas injector are quite different from common liq-
uid ones. First of all, unlike injectors for liquid fuels, the gas injector is not
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lubricated by the fuel itself and, therefore, to extend its life requires ad hoc
lubrication systems. To inject a sufficient quantity of fuel during the compres-
sion or intake stroke (depending on the operating conditions) it is necessary
to have either sufficiently large passage sections and/or high pressures val-
ues. In the absence of a compressor, the maximum injection pressures are
a function of the pressure of the fuel in the tank. In CNG PFI systems, for
example, injection pressures are about 8 bar with a 96% use of cylinder fuel.
With the same injection pressure in a CNG DI engine the power would be
significantly limited; on the other hand, if the pressure were increased, for
example, to the value of 30 bar, there would be a 9% decrease in the range of
the vehicle, since a smaller amount of gas contained in the tank can be used.
The optimal injection pressure is, therefore, the result of a trade-off between
the output power required from the engine and the range of the vehicle. Fig-
ure 8.4 shows the different kind of injectors:

• "outwardly-opening", with opening towards the outside;

• "inwardly-opening", with inward opening.

FIGURE 8.4: Schematic representation of inwardly and out-
wardly opening injectors [91].

Considering that the injection pressure in a CNG-DI can be of the order of 30
bar, an "inwardly-opening" injector could inadvertently open due to the back
pressure in the cylinder. This suggests that the best choice for a CNG-DI
engine should be to use an “outwardly-opening” injector.

Further than the classical configuration for DI, it can be mentioned "Two
Stage Combustion Systems" that consist in the use of a pre-chamber with the
goal to improve lean mixture combustion process and consist in two parts,
main chamber and pre-chamber. The main chamber is filled with lean mix-
ture, while into the pre-chamber there is a rich mixture. During the compres-
sion stroke, lean mixture is forced into the pre-chamber to weakening the
rich mixture . In this applications, direct injection of fuel into the combus-
tion chamber occurs to avoid the knock, spark plug is as an ignition source
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when the fuel is mixing with air and the control of the engine power is done
varying the amount of fuel injected per cycle. For this application, there is
a reduction of NOx but also the increase of HC emissions. However, the
positive aspect of this configuration is that the pre-ignition chamber has the
potential to overcome ignition problem of direct injected gaseous jets.

CNG is regarded as fuel also for CI engines. Advanced combustion and
injection techniques are present in literature and are being deepened by re-
searchers. To overcome the problem of CNG misfiring a CNG/diesel injec-
tion procedure was developed in which the gaseous fuel is injected into com-
bustion chamber as the primary fuel, while the pilot diesel injection, with a
small quantity of fuel (usually limited at 20%), works for ignition only. This
technique is called High Pressure Direct Injection (HPDI) and it is shows in
Figure 8.5, left side. This system features a dual-needle and dual-actuator
fuel injector, natural gas and diesel are injected through separate sets of holes.
This type of operated mode was found to reduce PM and NOx and it pro-
duces a relatively higher torque and efficiency. Another solution to CNG

FIGURE 8.5: Diagram of high pressure direct injection system
(left) and diagram of hot surface assisted compression ignition

(right) [396].

is called "Hot Surface Assisted Compression Ignition" (Figure 8.5 right) in
which a smaller amount of natural gas is injected directly into the cylinder
close to a hot surface at the end of the compression. The hot surface is gener-
ally a glow plug with a temperature of about 1400 K. This type of engine has
high thermal efficiency and specific power but the problem is the durability
of the hot surface due to the high surface temperature required.

8.4 Physics of High Pressure Gaseous Jets

The simplest theory for representing the evolution of gaseous jets resemble
the injector’s ducts as a DeLaval nozzle. Such analysis involves a number of
concepts and assumptions:

• the ideal gas law is valid;
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• the gas flow is isentropic (i.e., at constant entropy). It follows that the
flow is reversible (frictionless and non-dissipative) and adiabatic (no
heat are gained or lost);

• the gas flow is constant (i.e., steady);

• the gas flow is along a straight line from gas inlet to gas outlet section
(i.e., along the nozzle’s axis of symmetry)

It follows that from the conservation of energy, with the further hypothesis
of mono-dimensional flow, it is possible to obtain the following relations:

dΩ
Ω

=
�

Ma2 − 1
� du

u
(8.1)

dΩ
Ω

=
1 − Ma2

Ma2
du
u

(8.2)

where, Ma = u/a is the Mach number, a is the speed of sound, p is pressure
and Ω is the transversal area. From the analysis of these expressions, the
following conclusions can be drawn:

• for Ma < 0 for (subsonic flow), an expansion process have to be per-
formed in a convergent duct;

• for Ma > 0 (supersonic flow), an expansion process have to be per-
formed in a divergent duct;

The pressure value reached at sonic condition is called critical pressure
and it is equal to:

pc = p0

�
2

γ + 1

� γ
γ+1

(8.3)

where p0 is the upstream pressure and γ is the constant heat ratio.
Therefore, considering an expansion to a downstream pressure lower than

critical pressure, first it is necessary to expand the gas within a convergent
and, once the sonic conditions were reached, the expansion continues in a
divergent. Gaseous injection process takes place in a nozzle and, here, the
fluid itself creates a convergent-divergent duct expanding. The section where
sonic condition are reached is called "throat section" and it features the min-
imum diameter. Here, the chocking phenomenon takes place too. Indeed,
the mass flow is generally proportional to upstream-to-downstream pres-
sure ratio but, once the sonic conditions were reached, it remains constant
for further pressure reductions. In this way the downstream conditions are
re-established by different kind of shock-waves.

A shock wave represents a sudden change in the properties of the flow
field (speed, pressure, temperature, ...) they occurs only for supersonic flows
since the information, propagating as pressure waves, travels only down-
stream, failing to rise upstream of the disturbance. A shock wave is exclu-
sively a compression wave and can be normal or oblique; the latter are also
called expansion fans. The shock wave perpendicular to the flow direction
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is defined as "normal"; such a wave is comparable to a plane of infinitesimal
thickness. Consider a plane wave that translates perpendicularly to itself
within a compressible fluid (similar to a perfect gas) at rest; assume as the
reference system the one integral with the wave (so as to make the motion
permanent) and indicate with subscript 1 and 2 the conditions of the fluid
respectively upstream and downstream of the wave (Figure 8.6):

FIGURE 8.6: Normal shock wave.

Considering the dashed control volume in Figure 8.6, it is possible to
write the governing equations for the fluid (with reference to an adiabatic
flow):

Continuity equation : ρ1v1 = ρ2v2 (8.4)

Momentum conservation equation : p1 + ρ1v2
1 = p2 + ρ2v2

2 (8.5)

Energy conservation equation : h1 +
v2

1
2

= h2 +
v2

2
2

(8.6)

Ideal gas equations :
�

h = cpT
p = ρRT (8.7)

Combining such equations, introducing the definition of Ma and γ, the nor-
mal shock equation can be derived:
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Equation 8.8 states that the Mach number downstream the shock wave is a
function exclusively of the Mach number upstream. Therefore, the super-
sonic flow, crossing the shock wave, dissipates energy and, downstream,
becomes subsonic. Equations 8.9, 8.10 and 8.11 demonstrate that the other
thermodynamic parameters too are function of upstream and downstream
Mach number. So from the entropy equation:

s2 − s1 = cp ln
T2

T1
− R ln

p2

p1
(8.12)

it can be deduced that the variation of entropy through a shock wave is a
function exclusively of the Mach number upstream of the wave itself. The
second law of thermodynamics states :

s2 − s1 > 0 (8.13)

so it is possible to conclude that the condition M1 < 1 is not acceptable and,
therefore, a normal shock wave can exist only in the case of supersonic flow.

Regarding to the total thermodynamic parameters, it is possible to verify
that crossing the shock wave [17]:

• the total temperature remains constant T0,1 = T0,2;

• the total pressure decreases p0,1 > p0,2, although the static pressure
increases.

It follows that, crossing the shock, there is partial dissipation of the kinetic
energy which degrades in irreversibilities.

An "oblique" wave is a discontinuity in the flow-field with a direction
that is not perpendicular to flow-field velocity; unlike normal shock waves,
oblique waves can occur both in the form of compression waves (oblique
shock waves), through which a non-gradual increase in pressure occurs, and
in the form of expansion waves (expansion fans), through which the pressure
gradually decreases.

Figure 8.7 shows a supersonic gas flow along a wall with a concave or
convex angle at point A. The flow is tangent to the wall and, therefore, the
streamline at the corner is deviated (to comply with the physical boundary
imposed by the wall). If the angle is concave (a) the flow lines are deflected
upwards, i.e. within the main flow: in this situation an oblique shock wave
occurs. The streamlines behind the wave remain parallel each other, while,
following the wave crossing, they are deflected upwards with an inclination.
Similarly than a normal wave, crossing an oblique shock, the Mach number
decreases, while pressure, density and temperature increase.

For an oblique shock wave, similar considerations of to those formulated
for a normal wave apply. It is also possible to demonstrate that, defined β



160 Chapter 8. Natural gas as an alternative energy carrier

FIGURE 8.7: Supersonic flow along a corner of θ angle [17].

as the angle between the direction of the undisturbed flow and the oblique
shock wave, crossing the shock, only the normal velocity component (i.e. the
one indicated in Figure 8.8) becomes subsonic (M2,n = M2sinβ < 1), while
the parallel component (w) is conserved, resulting in a decrease in the flow
velocity. Furthermore, for a given Mach number upstream of the deviation,
there is a maximum deflection angle θmax, beyond which the impact will no
longer be oblique, but curved and detached from the vertex (Figure 8.9). On

FIGURE 8.8: Geometric characteristics of an oblique shock [17].

the other hand, if the angle is convex (Fig. 8.7-b), the flow line is deflected
downwards, away from the main flow: in this situation an expansion wave,
or rather, a fan of oblique waves, appears (or even Prandtl-Meyer expansion
fan), centred at point A, which progressively widens as the distance from the
wall increases. The initially horizontal and parallel streamlines behind the
expansion wave are gradually deflected downwards by the fan itself with an
angle θ. Crossing the expansion fan determines an increase in the Mach num-
ber and a decrease in pressure, density and temperature. Unlike the oblique
shock waves, a gradual and isentropic transformation (expansion) of the gas
takes place. The flow at the outlet of an expansion fan is in the direction of
the deflection angle θ, related to the Prandtl-Meyer function, ν(M) through
the relationship:

θν(M2)− ν(M1) (8.14)
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FIGURE 8.9: De-attached and oblique shock [17].

The shock waves can interact each other (compression or expansion), with
the solid walls of the ducts, with the boundary layers and with vortex. First,
consider an oblique shock wave incident on a wall (Figure 8.10):

FIGURE 8.10: Oblique shock reflection on a wall surface [17].

The streamline, before the vertex [A], proceeds undisturbed with inclina-
tion β = 0 and Mach number M1. After the wall deflection of angle θ, the
flow deviates (to remain parallel to the wall) and an oblique shock wave is
formed, inclined by β1 angle, defined as an incident shock wave. The incident
shock wave, generated starting from point A, hit the wall at point B. The flow
in region 2 is inclined of the deflection angle θ and have a Mach number
M2 < M1 (due to the properties of compression waves). To comply with
the boundary condition imposed by the presence of the upper wall, the flow
has to further deviate by an angle θ: this determines the birth of a further
shock wave, at point B, called the reflected shock wave. The inclination of
the reflected shock wave is lower than the inclination of the incident shock
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wave. Even if the deviation of the flux is the same (i.e. θ is unchanged), the
reflected wave is not specular to that incident one: the angle Φ is different
from β1 . The properties of the reflection wave are uniquely defined by M2
and θ. Since M2 is, in turn, a function only of M1 and θ, the properties in
region 3 and, therefore, the angle are easily determined starting from M1 and
θ. This is called regular reflection. When the value of θ is high enough or
the value M1 small enough, the flux line cannot be kept parallel to the upper
wall and the regular reflection cannot occur: the reflected wave is no longer
perfectly straight and the so-called Mach reflection occurs (Figure 8.11).

FIGURE 8.11: Mach reflection [17].

The tangent condition can only be verified if the impact is normal, result-
ing in zero deviation. The incident shock wave, initially inclined and rectilin-
ear, tends to curve as it approaches the upper wall, becoming a normal shock
wave. At point A (triple point) the incident collision, the Mach reflex collision
and the reflex collision (which no longer originates from the wall, but from
inside the field) meet. In regions 3 and 4 the flow direction and pressure are
the same, while the temperature, entropy, velocity and Mach number are dif-
ferent (the streamline in 3 crossed two shock waves): consequently, the two
regions are separated by a surface of discontinuity, called "slip line" or "vor-
tex sheet". In particular, since at the same pressure the dissipation is greater
in the passage through a single impact, above the sliding line the entropy is
greater, the total pressure is lower and consequently the velocity is also lower.
The phenomena of reflection of compression and expansion waves also occur
when they interact with constant pressure contours. A typical example, in
this regard, is represented by an over-expanded jet released within a region
with a greater pressure (Figure 8.12). Crossing the oblique impact generated
by the geometric edge at the outlet of the duct, an increase in pressure occurs,
so in region 2 there is p2 = pb. Through the wave reflected from the plane of
symmetry, a further increase in pressure occurs, so p3 > pb. At the interface
of the jet, however, the condition of constant pressure must exist and conse-
quently an expansion wave is generated on the contour, through which the
pressure decrease occurs. In particular, a Prandtl-Meyer fan is created at the
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point of intersection of the oblique impact reflected with the contour of the
jet.

FIGURE 8.12: Oblique shock wave reflection from a constant
pressure boundary [17].

A similar situation occurs when an under-expanded jet is released within
a lower pressure region (Figure 8.13). Another possible interaction is that

FIGURE 8.13: Oblique shock wave reflection from a constant
pressure boundary [17].

determined by the intersection of two shock waves (Figure 8.14):
Due to the different angle of deflection, the two shock waves generated

by the vertices G and H, have different length. The intersection of the two
waves occurs at the point denoted by the letter E in Figure 8.14, from which
two further shock waves emanate, separated by a sliding line. Through the
streamline and in the two regions the pressure is constant and, consequently,
the direction of the velocity (but not necessarily the modulus), in 4 and 4
’is the same (parallel to the slip line). All the other properties in regions 4
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FIGURE 8.14: Intersection of two shock waves with different
length [17].

and 4 ’are different. If the two incident waves were of the same intensity, at
the point of intersection two further shock waves would still emanate but,
finally, the distribution of the two would be symmetrical. The expansion of
a free jet, when the Mach number upstream of the incident wave is small or
the back pressure of the environment is high, brings to a a Mach intersection
as shown in Figure 8.15.

FIGURE 8.15: Mach intersection of two shock waves [17].

Summarizing what were reported:

• a shock wave (normal or oblique) born only in supersonic flows;

• a supersonic flow that crosses a normal shock wave becomes subsonic;

• an oblique shock wave reflects from a solid boundary as an oblique
shock wave;
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• an oblique shock wave reflects from a free boundary as an expansion
fan;

• an oblique shock wave reflects from a free boundary as an expansion
fan;

• two oblique shock waves can interact with each other: the intersection
of the oblique shock waves can be regular or Mach.

The domain of existence of an under-expanded jet can be evaluated adopt-
ing the following pressure ratio:

η0 =
p0

pinf
(8.15)

The appearance of an under-expanded jet is only possible if:

η0 >
p0

pcr
(8.16)

When a free jet is introduced into an environment with a stagnant fluid, due
to the speed gradient, a mixing layer is formed in the radial direction at the
interface between the two fluids. The jet structure can so divided into three
different regions (Figure 8.16):

• near-field zone;

• transition zone ;

• far-field zone.

The near-field is in turn divided into two regions: the central core potential core
and the mixing layer in which the gas is mixed with the surrounding fluid. In
the first region, the flow is isolated from the ambient fluid and its behaviour
is mainly related to its compressibility. This conical area is characterized by a
practically constant fluid velocity and extends for a length of some diameter
of the outlet section in the direction of the axis of the jet. In the second region,
also called shear layer, the injected gas is mixed with the surrounding fluid,
with the formation of vortex structures that grow regularly downstream of
the flow, due to the high velocity gradient ( Kelvin-Helmholtz instability).
Thetextitnear-field ends where the constant pressure line intersects the axis
and therefore the mixing zone occupies the entire jet: this determines the
beginning of the transition zone, in which there is a better mixing of the two
fluids with consequent homogenization of the pressure field. In the far-field
zone, the jet is fully expanded and the flow developed. The axial velocity,
moving in radial direction decreases continuously with the maximum on to
the jet’s axis (the profiles are called "self-similar").

Depending on the pressure ratio η0 values there are three different kind
of jet:

• subsonic jet;
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FIGURE 8.16: Schematic representation of an under-expanded
jet flow regions.

• moderately under-expanded jet;

• strongly under-expanded jet

These three configurations cause different effects mainly in the near-field
zone. In the case of subsonic jet, no shock waves occur and the flow trend is
that shown in Figure 8.17:

FIGURE 8.17: Structure of a subsonic jet (left) and Schlieren im-
age (right) [344]

At a distance from the gas outlet section of the order of some nozzle di-
ameter, the mixing region reaches the central line, sanctioning the exhaustion
of the core. Beyond this point, the mixing layer continues to spread and the
velocity varies due to the conservation of the axial momentum. At the end
of the transition zone one enters the zone away from the field with fully de-
veloped motion, in which the profiles of the normalized flow variables such
as average velocity, turbulence intensity, etc., become similar in various axial
positions.

When the pressure ratio reaches critical conditions, a weak shock wave is
formed in the normal direction (Figure 8.18).
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FIGURE 8.18: Structure of a moderately under-expanded jet
(left) and Schlieren image (right) [344]

In the outlet section (3), given the presence of a convex angle, an ex-
pansion occurs with a Prandtl-Meyer fan: an infinite number of expansion
waves are generated starting from the vertex. The fluid expands to the edge
of the jet, where the expansion waves are reflected in the form of compres-
sion waves. The latter converge within the jet, merging to form an oblique
shock wave ("intercepting shock"). The oblique waves incident on the axis
are then reflected to form a further oblique compression wave, defined as
a "reflected shock". The reflected wave can again reach the line at constant
pressure, triggering a new expansion of Prandtl-Meyer (6), so as to replicate
the same structure of the downstream flow. The jet is moderately expanded
when the total pressure ratio is between the following values:

When the pressure ratio increases, the reflection of the "intercepting shocks"
on the axis no longer occurs (Figure 8.19) and, consequently, a normal shock
wave is formed, called Mach disk ).

FIGURE 8.19: Structure of a strongly under-expanded jet (left)
and Schlieren image (right) [344]

The intersection between the intercept wave, the Mach disk and the re-
flected wave is called the triple point; a streamline emanates from the latter
which separates the flow upstream the Mach disk (which is supersonic, Ma
» 1) from the flow downstream of the reflected wave (subsonic, Ma <1). The
structure thus created is called "barrel shock" and propagates until the jet
returns to being overall subsonic.

Several studies were conducted to characterize under-expanded gaseous
jets [117, 174, 267, 313, 432] and, in the next, the main findings regarding
Mach discs are summarized. In particular, the location of the Mach disc:

• is mainly a function of the pressure ratio;

• increases with the Mach number in the outlet section of the nozzle;

• is independent of the type of gas;
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• a good estimate of the Mach disk position is given by the following
relation:

Hd
De

= 0.67
√

η0 (8.17)

with, Hd Mach disc height De, outlet section diameter.

The Mach disc diameter:

• mainly depends on the pressure ratio;

• decrease as the Mach number in the output section increases;

• depends on the type of gas and is inversely proportional to the ratio
between specific heats (polytropic constant);

• is highly dependent on the shape and geometry of the nozzle;

The presence of Mach discs, barrel shock and other under-expanded struc-
tures influences the air/fuel mixing process. Indeed, considering the short
time available for the mixture formation in DI,it is fundamental to achieve
a deep knowledge of the characteristics of a turbulent pulsed jet and of the
effects of shock waves on the turbulent mixing.

8.5 The Under-Expanded Jets in CNG Injection Pro-
cesses

Many engine researchers investigated the under-expanded jet structure (such
as jet penetration and jet cone angle) using different optical diagnostic tech-
niques: Schlieren, Shadowgraphy, [68, 107], PLIF [68, 189, 208] , and visual-
ization by injection in liquid ambient.

J. Yu et al. [415] conducted an experimental campaign on a high pressure
gaseous fuel jet, using the optical technique of laser induced fluorescence
(LIF) in planar fashion (PLIF). This technique allows to determine not only
the macroscopic parameters, such as the penetration and the cone angle, but
also have information regarding the mixing process. The injection was per-
formed in a CVC with two devices whose nozzle’s diameters are of 0.5 mm
and 1.4 mm respectively. A mixture of nitrogen and acetone, the latter used
as tracer, was adopted for the measurement. The duration of the actuation
was kept constant and equal to 4 ms for each test condition. The acquired
pictures (Figure 8.20) testifies to the presence of the aforementioned under-
expanded structures, during the jet’s evolution:

• at the beginning of the injection, the pressure ratio is relatively small
and a subsonic jet appears (Figure 8.20-a). In the near-field zone the
jet is characterized by an high momentum .The core region is clearly
identifiable, characterized by constant average speed and there is no
turbulent mixing inside it. The core is then surrounded by a region in
which there is a strong variation of the velocity gradient, a symptom of
turbulent mixing (this area is defined "shear layer", due to the presence
of viscous shear).
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• as the injection goes on the jet becomes moderately under-expanded
(Figure 8.20-b), it is possible to observe the shock cell structure, located
inside the core region, which tends to gradually extinguish. The pres-
sure energy owns by the jet is dissipated every once the flow passes
through the compression and expansion waves and so dissipated , with
the effect that the size of the shock cells gradually decreases until the jet
becomes subsonic. The alternation of compression and expansion areas
are equivalent, respectively, to areas of high density and areas of lower
density;

• turning to the end of the injection the net pressure ratio is greater than
4 and the jet becomes strongly under-expanded (Figure 8.20-c). In the
near nozzle zone it is possible to observe barrel shocks and the forma-
tion of the Mach disc.

FIGURE 8.20: PLIF images of a gaseous jet, at different advance
times. A) subsonic jet; B) casting moderately under-expanded;
C) strongly under-expanded casting. False colors indicate the

density distribution in the jet.

The authors then highlighted the effects of the variation in pressure ratio. The
increase in injection pressure brings to an improvement in mixing (induced
by shock waves), as shown in Figure 8.21. With an injection pressure of 5 bar,
the jet is subsonic and the turbulent structures, where air/fuel mixing takes
place, occurs only after the core area. On the other hand, with a pressure
of 30 bar, the mixing occurs just after the Mach disc just few diameters far
from the inlet section of the jet. The effect of the injection and environment
condition on the characteristics of under-expanded structures was broadly
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FIGURE 8.21: Effects of injection pressure on turbulent mixing

investigated. Dong et al [95] studied the Mach disks width and height evo-
lution within time for different pressure ratio finding that the height of the
Mach disk initially has a transient behavior: initially it increases and then,
when the pressure at the inlet of the orifice is stabilized, remains constant till
to the end of the simulation.

A digital image processing technique is required for the analysis of the
jet’s macroscopic features. For sake of completeness tip penetration length
and cone angle definition for a gaseous jet are reported in the following:

• tip penetration length: the distance between the tip of the injector and
the tip of the spray;

• cone angle: the angle between the vertical to the jet and its external
edges. The edges of the jet are drawn at a specific distance from the
injector tip (usually 20 mm).

Various authors observed that increasing the injection pressure or de-
creasing the environment pressure results in a faster jet penetration [107, 318,
415] while an higher fuel temperature does not affect significantly such pa-
rameter [194]. The jet cone angle during the first phase of the injection, grad-
ually decreases until it assumes an almost constant value. The jet cone angle
increases as the counter pressure in the chamber increases, while it decreases
as the injection pressure increases [95, 107].
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The quantitative measurement of air/fuel mixing is not always available
by experimental investigations. In this regard, the improvement in the com-
puting power allowed the use of CFD as a helpful diagnostic tool for inves-
tigating under-expanded jets. The CFD simulations allow not only to obtain
information otherwise not available with certain experimental optical tech-
niques, but also to reduce costs associated with variations in test rigs. In the
last years, there were several numerical studies of under-expanded jets. The
Pressure Implicit Split Operator (PISO) algorithm, initially developed for in-
compressible flows, was modified to be suitable in describing compressible
high-speed jets. Such approach together with a LES turbulence framework, is
capable to reproduce the macroscopic characteristics of under-expanded jets
[92]. However, it was shown that density-based algorithms provide a better
representation of such processes with a complete reconstruction of the shock
structures and the compressibility effects [378, 380]. Yosri et al. [414] and
Hamzehloo et al. [132, 133] verified that those approaches, featuring a LES
turbulence framework, are capable to capture the initial vortex ring, formed
at the beginning of the injection, the Mach disks location and dimensions,
the macroscopic characteristics such as penetration length and volumetric
growth (Figure 8.22). Banholzer et al. [32] investigated under-expanded
methane jets taking into account the condensation phenomena that may oc-
cur at nozzle exit after the expansion of a very high-pressure jets. They com-
bined a pressure-based solver with a vapor-liquid equilibrium model and a
moving mesh methodology, and have carried out several RANS simulations
in order to investigate the injection of methane at 30 MPa pressure into air
at different pressure levels. Also, they have considered the effect of the fuel
changing and the temperatures of the air. Furthermore, for the lower gas
and air temperatures two additional simulations were performed including
the needle opening process. They found that a decrease in fuel temperature
such as an increase in NPR leads to a more significant phase separation. The
numerical results were then compared with experimental measurements ob-
tained from schlieren (for vapor phase) and Mie-scattering (for liquid phase)
images. This comparison has shown a very good agreement between the ex-
perimental and numerical results both in length and width of the potential
core and in their structures. A comparison between RANS and LES turbu-
lence models results was performed by Hamzehloo et al. [134]. It has was
found that using the same spatial resolution, the LES model leads to a wider
subsonic region after each shock compared to those of RANS. Moreover, both
RANS and LES models predicted similar penetration and spreading rate re-
sults. Deshmukh et al. [90] characterized a hollow-cone helium jet in terms
of several macroscopic parameters such as axial penetration length and vol-
ume of jet, by LES and URANS simulations with both a fixed needle lift and a
moving needle approach. They also have investigated the air/helium mixing
in terms of mass-weighted probability density function (PDF) of the injected
gas within the jet volume. They found that the transient needle opening law
strongly influences the initial stages of the gas jet formation.

The local mixing activity of the flow field, as high concentration gradients,
are typically estimated using Scalar dissipation rate (SDR) It is an important
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FIGURE 8.22: Under-expanded jet simulated by [134] . (a), (b)
Instantaneous LES prediction of the mass fraction of the passive
scalar at t=15 and 110 µs, respectively; (c), (d) Instantaneous
LES prediction of the density gradient at t=15 and 110 µs, re-

spectively, (e) time-averaged Schlieren image

parameter in combustion applications because it is fundamentally related to
the structure of turbulent non-premixed flames and appears directly or in-
directly in most turbulent combustion models. The scalar dissipation χ is
defined as [380, 415]:

χ = 2Dc

��
∂c
∂x

�2

+

�
∂c
∂y

�2

+

�
∂c
∂z

�2
�

(8.18)

where Dc is the mixture fraction diffusivity; c is the passive scalar con-
centration; x, y, z are the position variables of the jet. Figure 8.23 reports a
plot of the SDR for three pressure ratios of a mono-hole injector investigated
by Vu et al. [415]. For higher pressure ratios, the scalar dissipation func-
tion decreases, reflecting lower concentration gradients and, therefore, better
mixing.
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FIGURE 8.23: PLIF images of a gaseous jet, at different advance
times. A) subsonic jet; B) casting moderately under-expanded;
C) strongly under-expanded casting. False colors indicate the

density distribution in the jet.
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Chapter 9

Gaseous Jet Characterization:
Single-Hole Injector Case Study

9.1 Investigation Methodology

The investigations carried out are finalized to characterize a gaseous injec-
tion in a constant volume, optically-accessible chamber at different thermo-
dynamic conditions of a single hole injector. The jet studied has a transient
evolution indeed, accordingly to up to downstream pressure ratio, changes
during injection The physics of under-expanded jets are fundamental for en-
gine application because the phenomena influence the air/fuel mixing pro-
cess and so, obviously the combustion. A deep knowledge of such processes
can be achieved only through proper theoretical and experimental activities.
In this optic, an experimental campaign was conducted at the Istituto Motori-
CNR-laboratories by the schlieren imaging technique. A commercial injector,
with injection pressure up to 1.2 MPa, was modified to been used as a direct
injection device. Different operating condition were investigated changing
injection pressure, ambient pressure and temperature. The initial conditions
for the experimental analysis are reported in Table 9.1. The jet was character-
ized in terms of penetration length, cone angle and Mach disk height.

TABLE 9.1: Experimental parameters

Parameter Value
Ambient Temperature (K) 293.15, 363.15
Ambient Pressure (MPa) 0.1, 0.4
Gas Injection Pressure (MPa) 0.6, 0.9, 1.2
Injection Duration(ms) 5

Penetration length represents the distance between the nozzle exit and the
furthest point on the contour of jet, measured along the axis of the spray. The
acquisition of the penetration length end off as the jet overcomes the vessel
window acceptance. In this work, cone angle is defined as the angle between
the tangents to the outside edge of the spray. The lines are drawn on the
spray contour, from 1% up to 50% of the axial penetration: their intersection
determines the origin of the angle itself [149]. Finally, Mach disk height, is
measured as the maximum displacement of the disk in the direction of the jet
evolution, with respect to the injector tip (Figure 9.1). The measure error of
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Mach disk height is half of pixel’s height, 166 µm. Then, for further informa-
tion, not available by the images measurement, a CFD model was developed.

FIGURE 9.1: Definitions of measured parameters.

9.2 Experimental Activities

The experimental setup includes a fuel supply system, an injection appara-
tus for a CNG Direct Injection and an optically accessible constant volume
chamber (Figure 9.2).

The fuel supply system consists of a tank filled with methane gas (99.95%)
up to 17.5 MPa. A pressure regulator is used to realize the desired value per
each condition. A transducer ensures an accurate reading of the gas pressure
just upstream the injector connection.
The fuel was delivered using an inwardly opening single-hole commercial in-
jector, suitably modified to inject gas directly into the constant volume cham-
ber. The same injector was adopted in a revised PFI engine for research pur-
pose at the CNR laboratory . To provide the direct injection of the gas, both
the engine and the injector were suitable modified. For this reason, a special
adapter 1 mm in diameter orifice was designed and mounted both in engine
and CVC investigations. Further details of the adapter are shown in Figure
9.3, while the geometrical parameters of the adapter are reported in Table 9.2.
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FIGURE 9.2: Experimental Setup.

The injection process was controlled by a programmable Electronic Control

TABLE 9.2: Adapter nozzle geometrical parameters

Parameter Value
Adapter Length (mm) 42.6
Nozzle Length (mm) 0.9
Nozzle Angle (degree) 130
Nozzle Diameter (mm) 1

Unit (PECU) for energizing the current necessary to activate the needle lift.
The injection duration was set at 5.0 ms for all the experimental conditions.
Five repetitions were carried out to ensure repeatability of the measurements
and define a minimum of records.
The injection and acquisition process started in synchronous mode by a TTL
triggering signal generated by a pulse generator.
The tests were performed in the CVC, optically accessible through three quartz
window, 80 mm in diameter, permitting the access to a wide area of the spray
under investigation. The injector was located at the top of the vessel in a cus-
tomized holder. Gas pressure conditions in the vessel (N2) was varied by gas
adduction, while the temperature was set through a system of electrical re-
sistances integrated in the chamber.
The structure of gaseous spray was investigated by the schlieren technique,
sensible to the gradient densities generated by the fluids flow along the opti-
cal path and resulting in variations of the refractive index of the gas. Schlieren
setup (Figure 9.2) was realized according to the traditional Z-type configura-
tion,and further details are reported in [248]. A high-power LED lamp (Omi-
cron LED MOD V2) emits a light radiation at the wavelength of 455 nm. The
beam is collimated through a 15◦ off-axis mirror, with a focal length of 500
mm. The generated collimated beam passes through the spray in the cham-
ber and is deflected and focused by a second off-axis mirror, with analogues
characteristics. A knife-edge, mounted orthogonally to the spray propaga-
tion direction, is placed at the focus of the second mirror. Finally, a biconvex
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FIGURE 9.3: Sketch of the gas injection system.

lens converts the images in the camera through its objective.
The detector is a high-speed C-Mos camera (Photron FASTCAM SA4), work-
ing at a rate of 27,000 frames per second (fps) and realizing an image window
of 256x432 pixels. The camera was equipped with a 90 mm focal lens realiz-
ing a spatial resolution of 6 pixel/mm.

9.3 Image Processing Procedure

As stated above, the schlieren technique is sensitive to the gradients of den-
sity of the media under examination. Due to the expansion of a gas into a
surrounding ambient made of gas, comparable density gradients realize be-
tween methane and nitrogen making the methane jet boundary difficult to
detect. For this reason, a customized procedure was implemented to process
the images and ensure a proper contrast in order to allow the measurement
of macroscopic characteristics of the jet. The thread of this process can be
found in [375].
Figure 9.4 reports the steps of the processing algorithm applied to the schlieren
images.
The routine begins with the extraction of the background, through an average
of its images, caught just before the start of the fuel injection (Figure 9.4-a).
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Once injected in the chamber, the methane jet looks very feeble against the
background (Figure 9.4-b); to attenuate undesirable noise, the background
is removed (Figure 9.4-c). Subsequently, in an iterative way, a subtraction
of one image and the previous one is carried out, to highlight differences in
two consecutive steps during the evolution of the jet (Figure 9.4-d); images
9.4-c and 9.4-d are superimposed obtaining a better contrast with respect to
the background (Figure 9.4-e). In the next step, an improvement in bright-
ness and contrast (Figure 9.4-f) was obtained, followed by a blurring of the
image, according to a Gaussian function (Figure 9.4-g). Then, the image was
binarized, through the "OTSU threshold" operator (Figure 9.4-h) [352]. The
spray outline was extracted from the binarized image by means of a contour
recognition filter (edge detector, Figure 9.4-i), through which the measure of
the spray penetration was possible. Figure 9.4-l shows an overlay of images
"a" and "i", where the two lines determine the axial penetration.
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FIGURE 9.4: Image Processing Procedure.
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9.4 Numerical Approaches

The numerical activities carried out in this study consist in a set of CFD
simulations performed by CONVERGE software suite. It is a general pur-
pose CFD tool that features also mesh movement, forced embedding, and an
adaptive mesh refinement algorithm (AMR). AMR refine mesh where high
specific field gradients are calculated without significantly increasing the to-
tal number of computational cells. The injected mass from the injector is
unknown. The known parameters are the injection pressure, the injector’s
internal geometry and the pintle lift (Figure 9.5). The pintle lift law was pro-
vided by the manufacturer.

FIGURE 9.5: Pintle Lift.

In this way the simulation involves both inside and outside’s flows. The
pintle lift was simulated thanks to a mesh movement. The injector’s exiting
flow is free to expand in a constant volume cylinder of diameter and height
respectively of 30 mm and 70 mm. The operating conditions reported in
Table 9.3 were simulated and then validated using the data from the experi-
mental campaign.

TABLE 9.3: Operating conditions numerically simulated

Case
Ambient Temper-
ature (K)

Ambient Pressure
(MPa)

Gas
Injection Pressure
(MPa)

Case 1 293.15 0.1 1.2
Case 2 293.15 0.4 1.2

The dynamics of the gaseous injection were described solving the typical
equations of a fluid-dynamic problem: conservation of mass, momentum,
energy and the specie’s transport equations. To couple density, pressure and
temperature the Redlich Kwong (RK) cubic equation was used:
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P =
RT

v − b
− a

v2 + bv
(9.1)

With a and b:

a = αrk pcv2
c√

Tr

b = βrkvc

αrk = 0.42748, βrk = 0.08664

(9.2)

where α represents the attractive forces between molecules β represents
the molecules volume while vc is the critical volume, given by the critical
temperature, the critical pressure and the universal gas constant. The equa-
tions were discretized using a central differencing scheme which Taylor se-
ries truncation errors is second-order [374]. The solution algorithm relies
on the PISO method with converge criteria based on density, being the flow
compressible [38, 306].
The grid dimensions were selected relying on bibliography references [90,
380, 415]. Specifically, the base mesh’s dimension is of 4 mm with a local
embedding of level 4 for the internal flow and for the flow just outside the
nozzle. The AMR level was set to 6 based on the density and pressure gradi-
ents (minimum grid size = 62.5 µm). In this way, the model’s computational
weight was lowered and the cell usage optimized as shown in Figure 9.6.

FIGURE 9.6: Computational cells over time.

The turbulence model selected is a LES-Viscous One Equation model in
order to solve the flow field till to the smallest computable vortices. This
is unavoidable to make qualitatively and quantitatively considerations con-
cerning air-fuel mixing process that is fundamental in a possible subsequent
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engine application. The point-wise successive over-relaxation (SOR) algo-
rithm, with relaxation factor, was adopted to integrate solution over time
[306]. The used time step was varied accordingly to the CFL convective and
diffusion numbers so as not to exceed the unity in first case and two in the
second one.
Three fluid regions were identified (Figure 9.7). The initial conditions at each
region are the follow:

• High Pressure Region (Region 2): this is the high pressure zone filled
with fuel at the injection pressure (methane). It is delimited by injec-
tor’s internal surfaces and the pintle. However, when the pintle lifts,
this region is connected to the Low Pressure Region and the methane
flow.

• Low Pressure Region (Region 3): this zone belongs to the cylinder con-
necting the high pressure region to the bulk one. Its pressure and tem-
perature are equal to the ambient ones. The species present are un-
known. Indeed, after some cycles of injection, a fraction of methane,
added to the nitrogen, is present in this region and there are no ways to
estimate the relative fractions.

• Bulk Region (Region 1): this zone represents the injection volume, likely
it is filled by nitrogen N2 at the ambient pressure and temperature.

The boundary conditions are the follows (Figure 9.8):

• High Pressure Inlets: these are the four holes where the combustible
is supplied to the injector; their surfaces are treated as fixed pressure
inlets;

• Moving Pintle Surface: this surface reproduce the movement of the pin-
tle through a mesh movement;

• Injector Wall Surfaces: they consist of some internal faces of the injec-
tor and the bulk faces. Their boundaries conditions are velocity and
temperature law of wall functions [306].

All the simulations were performed on 36 cores of a Fujitsu Siemens Work-
station equipped with two Intel Xeon Gold 6140. Numerical results were
post-processed by Paraview software. In particular, methane mass fraction
and density gradient fields were plotted with proper color maps in order to
compare them with the experimental images.
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FIGURE 9.7: Sectional view of the computational domain and
assignment of initialization regions.

FIGURE 9.8: Detail of injector’s upper part with related bound-
ary conditions.
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9.5 Experimental Results

The analysis of schlieren images has provided information regarding evolu-
tion and structure of the gaseous jet, tip penetration, cone angle, and Mach
disk height allowing to measure them. A comparison of the experimental
results was conducted in order to evaluate:

• effect of injection pressure variation at constant pressure and tempera-
ture in the chamber;

• effect of chamber back-pressure fixed the injection pressure and cham-
ber temperature;

• effect of chamber temperature at fixed injection pressure and density of
nitrogen in the vessel.

9.5.1 Effect of Injection Pressure

The effects of injection pressure on the evolution of the gaseous jet are shown
in Figure 9.9, where the chamber pressure and temperature are maintained
constant. Each sequence starts at the instant tSOI , i.e. the time-frame just be-
fore the gaseous jet exits from the nozzle and appears in the chamber; the
next images of the sequences are collected at a predetermined time interval
from tSOI function of the camera acquisition rate. Once fixed the solenoid
excitation duration at 5.0 ms, the total injection durations up to 11 ms was
measured. This is attributed to the compressibility of gas, despite being the
pintle in the closed position, due to the continues flowing toward the cham-
ber of the gas located in the adapter pipe.

For each of the injection pressure, the jet undergoes an evolution of its
structure passing from subsonic to moderately under-expanded up to strongly
under-expanded with appearance of Mach disk. As the pintle begins closing,
the jet returns subsonic. Since Mach disk appearance and its length are corre-
lated to NPR, it can be inferred that the pressure upstream the nozzle varies
due the pintle lift transitory and gas compressibility. Figure 9.10 shows the
variation of the Mach disk height during the injection process, as the injection
pressure varies.

Mach disk height increases in time, up to about 1 ms; then assumes a con-
stant value up to about 5 ms, indicating that the pressure upstream the nozzle
stabilized. For longer times, the disk height gradually decreases, following
the closure of the injector. Furthermore, the maximum Mach disk height in-
creases for higher injection pressure. Figure 9.11 and Figure 9.12 show the
effects of injection pressure on the jet tip penetration being constant the back
pressure in the chamber (0.1 and 0.4 MPa respectively) and the temperature
(293.15 K).

The graphs show values of axial penetration averaged on five successive
injections per each test. Error bars reported on the graphs give the filling
of the standard deviation in the complete measurements cycle. Increase of
the tip penetrations correspond to higher injection pressures. This effect is
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FIGURE 9.9: Evolution of the gaseous jet structure at the vary-
ing of the injection pressure

stronger for higher back-pressures. At 0.1 MPa pressure condition in the
chamber (Figure9.11)) and injection pressure of 1.2 MPa, the jet takes 1.33 ms
to cover the window clearance; as the pressure decreases down to 0.6 MPa,
the flying time of the jet increases up to 1.48 ms. The growth in axial penetra-
tion is marginal within the analyzed time window. Jet cone-angle is weakly
influenced by the injection pressure. On one side, the increase in injection
pressure determines a greater quantity of injected fuel, with a consequent
widening of the cone-angle. On the other hand, the spray would tend to
penetrate more quickly, causing a self-narrowing. These two aspects tend
to compensate each other, producing a negligible influence of the injection
pressure, as shown in Figure 9.13.

9.5.2 Effect of Pressure in the Vessel

The effects of ambient pressure on the evolution of gaseous jet are shown
in Figure 9.14, where the injection pressure and chamber temperature were
kept constant.
The figure shows that, for the injection pressure of 1.2 MPa and the cham-
ber pressure of 0.4 MPa, the Mach disks do not occur. The jet, initially sub-
sonic, becomes moderately under expanded, with the appearance of shock
diamonds figures. Then, the evolution again becomes subsonic. Figure 15
shows the effects of vessel back-pressure on the tip penetrations for pinj 1.2
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FIGURE 9.10: Effect of injection pressure on Mach disk height

MPa and the gas temperature of 293.15 K. At higher pressure of the gas in the
vessel, the tip penetration decreases due to its brake action on the methane
propagation. The vessel pressure of 0.1 MPa determines a tip elongation of
54.1 mm at 1.0 ms from the SOI while, at the same instant, the jet has covered
39 mm at the chamber pressure of 0.4 MPa. Similar trends are registered for
the two other injection pressures.

Summarizing, the tip penetration of methane jet is more sensitive to changes
in the vessel pressure than to the variation of the injection pressure. In the
same way, jet cone-angle is mostly affected by the variations in chamber pres-
sure, as pictured in Figure 9.16.

9.5.3 Effect of the gas Temperature in the chamber

The effects of the N2 temperature in the vessel on the evolution of gaseous
jet are shown in Figure 9.17, where the injection pressure is kept constant,
against a fixed ambient back-density obtained acting on the pressure and
temperature of N2. This condition realizes a constant resistance of the gas vs.
the jet motion, regardless of the temperature values. Figure 9.17 highlights
that, for the injection pressure of 0.6 MPa and the nitrogen density of 1.12
kg/m3, Mach disks still occur for both temperature values. This is due to the
fact that the occurrence of Mach disks depends mainly on the pressure ra-
tio, rather than on the temperature [118]. In both cases, the thermodynamic
conditions are such that the ratio between the pressure, upstream of the noz-
zle, and the chamber pressure is such that the jet becomes under-expanded.
For the same reason, no substantial differences on disk height were observed
by varying chamber temperature. Figure 9.18 shows the effects of the gas
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FIGURE 9.11: Axial jet penetration over time for pch =0.1 MPa.

temperature in the chamber on the tip penetration of the jets for the injec-
tion pressure of 0.6 MPa, at constant back-density of the gas. Variation in
chamber temperature does not seem significantly affecting the axial penetra-
tion. Error bars are significantly larger at the chamber temperature of 363.15
K where the convective motions in the gas produce complex background fig-
ures making the image processing complex and hard for distinguishing the
actual methane contours.
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FIGURE 9.12: Axial jet penetration vs. time at pch =0.4 MPa.

FIGURE 9.13: Variation of jet cone angle vs. injection pressure
at pch =0.4 MPa.
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FIGURE 9.14: Evolution of the gaseous jet structure at the vary-
ing of the chamber pressure.

FIGURE 9.15: Axial jet penetration vs. time for pinj =1.2 MPa.
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FIGURE 9.16: Variation of jet cone angle vs. chamber pressure
at pinj =1.2 MPa.

FIGURE 9.17: Evolution of the gaseous jet structure at the vary-
ing of the temperature of the gas in the chamber
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FIGURE 9.18: Axial jet penetration vs. time for pinj =0.6 MPa.
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9.6 Numerical Results

The results obtained by the developed numerical model were compared with
the experimental data previously exposed. Figure 9.19 represents a 3D visu-
alization of the simulated jet aiming to highlight the capacity of the numerical
reconstruction to reproduce qualitatively the jet morphology.

FIGURE 9.19: 3D visualization of the simulated jet.

In the numerical investigation, the axial penetration length was computed
as the distance between the farthest point on the contour of the jet and the
top of the wall region, by using a threshold for the mass fraction of methane
of 0.001, similarly to the definition of Deshmukh et al. [90].
Figures 9.20 and 9.21 show the comparisons between the numerical and ex-
perimental jet penetrations plotted as function of the time for the selected
cases (Table 9.3 for further details).

The results between the experimental and numerical datasets catch the
trends in both cases and highlight a good agreement toward the last part
of the simulated time-frames while, at the beginning of the injection, small
differences are registered. A possible motivation could be imputable to the



194Chapter 9. Gaseous Jet Characterization: Single-Hole Injector Case Study

FIGURE 9.20: Experimental and numerical axial jet penetration
vs. time for Case 1 (pinj = 1.2 MPa and pch = 0.1 MPa).

uncertainty on the transient of the injector opening.
The adopted model is capable to reproduce qualitatively the jet morphology
and its temporal evolution. Its characteristic normal shock is clearly visible
plotting the density gradient, shown in Figure 9.22. At the first stage of the
injection, the jet exits from the nozzle creating a tip vortex structure, Figure
9.22a. The pressure ratio is relatively low and the flow is subsonic Figure
9.22b. Then, at increasing of the NPR, critical conditions are reached: the
jet becomes under-expanded and shock cells grow ( Figure 9.22c). A further
increase of the pressure brings to the formation of the Mach disk (Figure
9.22d).

As further confirmation of the model reliability, the Mach disk height was
measured from numerical data for the Case 1 and compared with the exper-
imental one. Again, numerical and experimental results are in a quite-good
agreement. Just small differences appear during the first phase of the injec-
tion (Figure 9.23).

The Case 2 is not suitable for such analysis due to the NPR � 3.85 [415]
(Figure 9.24). Indeed, the model reveals the presence of shock cells as it is
expected from the theory and observed from the experimental images.

The value of the Mach disk height, Xdisk, is related to the upstream pres-
sure (pi in Figure 9.25) through the empirical relationship [118]:

Xdisk

D
= 0.67

�
pi

p∞
(9.3)

with:

• D orifice diameter;
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FIGURE 9.21: Experimental and numerical axial jet penetration
vs. time for Case 2 (pinj = 1.2 MPa and pch = 0.4 MPa).

• p∞ downstream pressure;

Handling Eq. 9.3, it is possible to compute pi, as:

pi = p∞

�
1

0.67
· Xdisk

D

�2

(9.4)

Xdisk can be measured from the numerical results as shown in Figure 9.26
and whose precision is related to the mesh size.

For example, at 0.81 ms the computed Mach disk height is equal to 2.05
mm. Inserting the ambient pressure of 0.101325 MPa and the diameter of the
nozzle (1 mm) into the Eq. 9.3, pi,emp is equal to:

pi,emp = 0.101 325 MPa
�

1
0.67

· 2.05 mm
1.000 mm

�2

= 0.94 MPa (9.5)

This value can be compared with that obtained from CFD model, at the po-
sition illustrated in Figure 9.25, computing the average value over the axial
section (pi,c f d):

pi,c f d = 0.97 MPa (9.6)

The two results are in good accordance with differences around 3%. The
behaviour of both pi,c f d and pi,emp as function of the simulation time can also
be easily computed. Figure 9.27 shows the comparison between the pressure
pi,emp = pi,emp(t) calculated with the empirical relation (Eq. 9.3) and the one
estimated from the CFD model pi,c f d = pi,c f d(t).
From the analysis of Eq. 9.4, a quadratic relationship is recognizable between
pi and Xdisk. This is indicative of how strong the impact of the pi computation
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FIGURE 9.22: Gaseous jet structure’s evolution at different
time-step for Case 1 (pinj = 1.2 MPa and pch = 0.1 MPa) obtained

plotting the density gradient.

is against small uncertainness on the Xdisk. The precision measurement of
Xdisk is clearly related to the mesh dimension that in our case is 62.5 µm.

Evaluation of the methane/air mixing process is a relevant topic espe-
cially in terms of the effects on the combustion in engine applications.
The image sequence reported in Figure 9.28 shows the methane mass fraction
(yCH4) at different instants from the SOI.

The analysis of the images makes clearly recognizable a zone, around the
jet axis, composed predominantly by methane (yCH4 ≈ 1) called potential
core. As the injection goes on, the length of such zone grows in a first phase
but, then, it begins to recede at the end of the simulation. This methane core
is surrounded by a mixing layer of the two species (methane and nitrogen)
on both the sides.
Downstream the potential core, the jet is characterized by a zone where the
methane’s mass fraction is significantly lower than the one present within
the potential core.
Besides, to quantitatively estimate the mixing characteristics of the gaseous
jet, an already established statistical approach was adopted [90, 378, 380].
The probability density function (PDF) of mass weighted methane fraction
was computed within the jet volume (ρiYCH4,Vi), obtained using a threshold
value for the mass fraction of YCH4,i > 0.001. The influence of the injected
specie and the injection pressure on mixture formation in gaseous jets were
analysed by Vourinen et al. [380] while, in this study, attention was focused
on the effects of varying chamber counter-pressure. The probability density
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FIGURE 9.23: Experimental and Numerical Mach Disk Height
vs. time for pinj =1.2 MPa and pch =0.1 MPa

function allows to obtain the distribution of instantaneous methane concen-
tration in each cell, thus providing information about global air/gas mix-
ture. In Figure 9.29 the mass-weighted PDFs of the methane mass fraction,
for Case 1 and Case 2, at tASOI = 0.75 ms after the start of the injection, are
shown.

The two vertical grey lines delimit the flammable zone defined by a methane
mass fraction between 0.044 and 0.15. In both considered cases, the most
probable value, greater of about the 24 % for Case 1 than Case 2, belongs to
the flammable zone. Furthermore, the probability of finding methane mass
with a yCH4 in the flammable zone is greater for the counter-pressure of 0.1
MPa. Finally, for the selected timeframe, it can be observed another peak
value for a yCH4 ≈ 1 representatives of the potential core zone where almost
only methane is present.
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FIGURE 9.24: Gaseous jet structure’s evolution at different
time-step for Case 1 (pinj = 1.2 MPa and pch = 0.4 MPa) obtained

plotting the density gradient.

FIGURE 9.25: Nozzle Pressure Definition
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FIGURE 9.26: 2D-map of Density Gradient - Mach Disk partic-
ular

FIGURE 9.27: 2D-map of Density Gradient - Mach Disk partic-
ular



200Chapter 9. Gaseous Jet Characterization: Single-Hole Injector Case Study

FIGURE 9.28: Evolution of the gaseous jet structure in term of
yCH4 2D-map - pinj =1.2 MPa and pch =0.1 MPa
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FIGURE 9.29: Probability distribution of mass fraction yCH4 for
Case 1 and Case 2 at tASOI = 0.75 ms.
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Chapter 10

Gaseous Jet Characterization:
Multi-Hole Injector Case Study

10.1 Multi-Hole Injector and Gaseous Jets

The latest research indicated that multi-hole injectors are suitable for appli-
cation in CNG-DI engines. Chiodi et al. [67] investigated the characteris-
tics of a CNG jet issuing from both single and multi-hole GDI injectors, by
means of experimental measurements into a single-cylinder engine and nu-
merical simulations. They have shown that a multi-hole injector is more suit-
able for mixture homogenization or stratification than single-hole injectors.
They have also found that mixture formation strongly depends on turbu-
lence level in the mixture. A numerical investigation on the effects of com-
bustion chamber geometry, injection parameters, cylinder head shape and
injector type on mixing of air-methane in a CNG-DI engine was conducted
by Yadollahi et al. [407]. They found that a multi-hole injector delivers a
slightly more flammable, stratified mixture than a single-hole injector. The
larger flammable mass fraction in multi-hole injection can be attributed to a
wider jet spread and thus higher levels of mixing. Erfan et al. [106] used the
schlieren photography technique to investigate the effect of varying injection
parameters on the structure of a CNG jet issuing from a multi-hole injector.
They also calculated the mass flow rate, using Dalton’s law, showing that this
is independent of chamber pressure because the natural gas flow is choked
at the nozzle exit. Furthermore, mass flow rate increases at higher injection
pressures.

The investigations of jet issuing from a multi-hole injector is challeng-
ing due to the interaction of the individual plumes and the complex physi-
cal phenomena that occur in the near-nozzle zone for under-expanded jets.
Salazar et al. [314] studied the evolution of the mixing process of nitro-
gen/hydrogen mixture for several multi-hole injectors by means of Planar
Laser-Induced Fluorescence (PLIF). For a 13-hole nozzle, they observed that
all jets merged into a single collapsed jet, immediately downstream of the
under-expanded zone. This phenomenon is called the Coanda Effect and it
stems from a lack of air entrainment due to the close proximity of interacting
individual plumes. The data from such experimental studies were used by
Scarcelli et al. [321] to validate numerical results obtained with a CFD-RANS
simulation. While CFD results accurately predicts the jet penetration and the
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fuel distribution for all the multi-hole nozzles where no jet-to-jet interaction
was observed, a worse agreement with experimental data was recorded for
the 13-hole nozzle. This is due to the strong influence that the presence of
under-expanded structures exerts on the mixing process and on the plume-
to-plume interaction. They concluded that increasing the grid resolution and
performing a Large Eddie Simulation (LES) could improve the accuracy of
numerical prediction.

The present case study reports the experimental and numerical charac-
terization of high-pressure jets for direct injection applications. The injector
used is a prototypal device featuring an innovative hole’s pattern and suit-
able for CNG direct injection with pressure up to 5.0 MPa. Methane was
injected into a constant volume chamber filled with nitrogen. Schlieren imag-
ing technique was employed to evaluate the effects of the injection pressure
and ambient thermodynamic conditions on jet penetration length. In order
to allow the measurements of macroscopic characteristics of the jet, a cus-
tomized procedure for processing the images was adopted. Then the injec-
tion process was simulated with a fully explicit, density-based solver featur-
ing Runge-Kutta 4th order time discretization and the central flux splitting
scheme of Kurganov. An LES turbulence framework, multi-species trans-
port model and variable thermo-physical properties were adopted in order
to properly represent the fuel-air interaction. The results show the jet evolu-
tion inside the injector nozzle, the formation of shock waves and the evolu-
tion of the under-expanded, down-flow structures, in the near nozzle zone,
achieving a deeper understanding of the air-fuel mixing process that strongly
influences the combustion and pollutant emissions.

10.2 Investigation Methodology

The activities performed in the current study, dealt with an innovative high-
pressure multi-hole injector, specifically developed for the direct injection of
gaseous fuels with an innovative maximum pressure of 50 bar (Figure 10.1).

FIGURE 10.1: Silhouette of the high-pressure injector.
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The device has an interchangeable terminal nozzle which drives the flow
into a particular multi-hole spray configuration. Such a component was an-
alyzed by means of X-Ray tomography, in order to define the exact internal
geometry. Figures 10.2 and 10.3 show a cross section and a bottom view of
the region of interest, respectively. This information was used to create a
CAD model of the nozzle geometry.

FIGURE 10.2: X-Ray tomography of the injector showing its in-
ternal geometry.

The injection process was controlled using a programmable Electronic
Control Unit (PECU) with the energizing current profile shown in Figure
10.4 (blue curve). Following magnetic and mechanical opening delays, the
injector needle begins to lift and the pressure at the nozzle inlet increases.
The time behaviour of such a parameter was measured and provided by the
injector manufacturer. It is represented by the red curve in Figure 10.4.

The experimental campaign features the recording, thanks to schlieren
imaging technique, the time-evolution of the jet within a constant volume
chamber (CVC) optically-accessible, filled with pressurized nitrogen. In or-
der to reproduce the engine-like conditions and study their effects on the jet
behaviour, different thermodynamic conditions were investigated including
different injection pressures. Table 10.1 summarizes the investigated experi-
mental conditions.

The injected gas is methane (CH4). The acquisition of the large amount of
experimental data defined in Table 10.1, alongside with the time-history of
the injection pressure and the nozzle geometry, poses the basis to start devel-
oping a numerical model capable to reconstruct the overall injection process.
Besides, the numerical results provide further information concerning the
air/fuel mixing process, the development of the under-expanded structures
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FIGURE 10.3: X-ray bottom view of the injector showing the
nozzle pattern.

Parameter Values
Injection Pressure [MPa] 1.0 – 3.0 – 5.0
Ambient Pressure [MPa] 0.05 – 0.1 – 0.5 – 1.0

Ambient Temperature [K] 293
Injection Electric Duration [ms] 8.0

TABLE 10.1: Adopted experimental parameters.

of the jet, not available from the experimental images. The numerical simula-
tions regards the condition reported in Table 10.2. Further details regarding
the numerical model will be provided in the relative section.

From the experimental images, the jet was characterized both qualita-
tively and quantitatively in terms of penetration length, defined as the dis-
tance between the nozzle exit and the furthest point on the contour of jet
along the axis of the spray. Numerical penetration was measured plotting
the density gradient, or more precisely log10 |∇ρ| , being ρ the density of the
methane, keeping in mind the congruence with the schlieren technique that

Parameter Values
Injection Pressure [MPa] 5.0
Ambient Pressure [MPa] 0.1

Ambient Temperature [K] 293

TABLE 10.2: Adopted experimental parameters.
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FIGURE 10.4: Current command signal and nozzle inlet pres-
sure time behaviour.

just measures density gradients.
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10.3 Experimental Activities

The experimental apparatus was built up at the Istituto Motori laboratories
of the National Research Council (CNR). The tests were carried out injecting
methane in a CVC, 4.5 liters, optically accessible through three quartz win-
dows, 80 mm in diameter, orthogonally disposed, which permit the access
to a large area of the investigated spray. The fuel supply system consists
of a 20 MPa tank, filled with methane gas (99.5% purity). A high-pressure
single-stage regulator (maximum outlet pressure 10 MPa) is used to realize
the desired value per each condition. A piezo-resistive pressure transducer
(0 - 6 MPa gauge pressure) ensures an accurate reading of the methane pres-
sure just upstream the injector connection. A prototype multi-hole CNG-DI
inwardly opening injector was used for introducing the fuel inside the CVC.
The injection process was driven by a PECU for energizing the needle lift.
At all the conditions, the energizing time was set to 8.0 ms. Five repetitions
were carried out to check the repeatability of the measurements and define
a minimum of spread. The PECU ensured the synchronization and delay-
ing between the injection and acquisition chain by transistor–transistor logic
(TTL).The injector was mounted in a customized holder, placed on the top
of the CVC. The desired counter pressure inside the vessel was varied in-
troducing nitrogen (N2) at the required value, while a vacuum pump was
use for cleaning-up the measuring volume or for obtaining sub-atmospheric
conditions in the CVC. Schlieren optical technique, in the classic Z-type con-
figuration (Figure 10.5), was adopted to depict the spray spread, registering
the images of the evolving fuel on a high-speed CMOS camera. Schlieren
technique is sensitive to the gradient of the gas density generated by the flu-
ids flow along the optical path and resulting in variations of the refractive
index of the fuel, suitable for transparent media such as CNG.

FIGURE 10.5: Optical setup for schlieren technique in Z-type
configuration.

The schlieren setup used a high-power LED lamp (Omicron LED MOD
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V2) as source, emitting radiation at the wavelength of 455 nm. The extended
parallel beam is generating utilizing two 15◦ off-axis mirrors, 500 mm focal
length. A knife-edge, mounted orthogonally to the spray propagation di-
rection, is placed at the focus of the second mirror. Finally, a biconvex lens,
200 mm focal length, transfers the images on the camera through its objec-
tive. The detector is a high-speed CMOS camera (Photron FASTCAM SA4),
working at a rate of 18,000 frames per second (fps) with an image window
of 448x416 pixels. The camera, equipped with a 90 mm focal lens, realized a
spatial resolution of 5.5 pixel/mm and a time-resolution of 55 µs.

10.4 Image Processing Procedure

The images, acquired at the different operating conditions (see Table 10.1),
were analysed by means of a customized post-processing procedure to out-
line the contours of the gas and ensure a proper contrast, allowing the mea-
surement of the parameters of interest such as the axial penetration of the jet.
Figure 10.6 reports the steps of the implemented treating algorithm.

FIGURE 10.6: Image processing procedure.
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The processing routine begins with the extraction of the background, through
an average of images caught just before the exiting of the fuel from the noz-
zle (Figure 10.6-a, trace internal structure are imputable to light leakages in
the nozzle). Figure 10.6-b shows the raw methane spray once injected in the
chamber. To reduce undesirable noise, the subtraction of the background
from the original jet image was done and the result is shown in Figure 10.6-c.
From this step, some consecutive filters were implemented. A γ filter was
applied for improving the brightness, a contrast stretching was employed to
expand the range of brightness (Figure 10.6-e) while a blurring was then ob-
tained using a Gaussian function (Figure 10.6-f). After binarizing the image
through the OTSU threshold, two additional filters were applied, namely blob
filter (Figure 10.6-g) and fill hole filter (Figure 10.6-h), to fill holes in the bina-
rized image. Then, from the last image the spray outline was extracted by
means of a contour recognition filter (edge detector overlaid in red on Figure
10.6-b, Figure 10.6-i). Finally, using the maximum coordinates along the y
axis of the contour, the measure of the spray penetration was possible (green
lines overlaid in Figure 10.6-i).

10.5 Numerical Methodology

10.5.1 Governing Equations of Compressible Flows

In order to properly describe the physics of the injection process, a new solver
was developed in the OpenFoam library. Considering compressible flows in
the presence of shock waves and strong discontinuities, the governing equa-
tions (mass 4.1, momentum 4.2 and total energy 4.3 conservations) are solved
using the conservative variables ρ, ρu and ρe as in Chapter 4 Th dynamic vis-
cosity µ is computed by Sutherland’s law as a function of temperature:

µ =
As

√
T

1 + Ts/T
(10.1)

As and Ts are specific constants of the single specie (Table 10.3) [398]:
The specie diffusivity is equal to:

Di =
µe f f

ρSc

with Schmdit number Sc equal to 0.7 after Vuorinen V. et al [379].

Species As[kg m−1 s−1 K−0.5] Ts[K]

N2 1.4067 · 10−6 111.0
CH4 1.2529 · 10−6 197.8

TABLE 10.3: Sutherland’s law As and Ts constants adopted val-
ues
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10.5.2 Discretization and Solution

The simulation of high-speed, under-expanded jets requires numerical dis-
cretization that can capture flow discontinuities such as Mach disks, shock
waves and, at the same time, avoids unwanted oscillations. Methodologies
based on Riemann solvers, such as the Piecewise Parabolic Method (PPM)
and Weighted Essentially Non-Oscillatory (WENO), give an efficient repro-
duction of compressible flow but have important drawbacks. Such approaches
involve characteristic decomposition and Jacobian evaluation which make
them complex and difficult to be implemented in co-located, unstructured
grids that, instead, allow us to discretize complex geometries and are much
more flexible than structured grids [125, 376]. Valid alternative approaches
were developed; one of them uses the so-called central schemes formulations
of Kurganov (KNP) and Kurganov and Tadmor (KT) [191, 192]. These meth-
ods are non-staggered second order central schemes that evaluate the fluxes
on the cell faces using the values at the cell center. The cell to face flow inter-
polation is subdivided into an inward and outward direction with the respect
to the face owner cell. A full and detailed description of KNP and KT central
schemes, used in the developed solver, can be found in [125].

In order to ensure the simulation stability and to avoid solution oscilla-
tions, OpenFOAM allows the adoption of flux limiters and so VanLeer flux
limiter was adopted in the performed simulations [125, 206].

Previous studies demonstrated that, in order to properly simulate under-
expanded jets, higher order time discretization methods, such as Runge-
Kutta 4th (RK4), are required [134, 379]. Similarly to the previously cited
works, the classical RK4 explicit method was implemented in the newly de-
veloped OpenFOAM solver for integrating the solution over time. The time-
stepping coefficients of the RK4 method that were chosen were [381]:

a1 = a4 =
1
6

a2 = a3 =
1
3

(10.2)

A complete description of the method can be found in [134, 381]. The
developed solver was summarized in accordance with the flowchart of Fig.
10.7. It illustrates all of the operations performed during a generic time step
and for each RK4 step: the ρ, u, e field are updated, the relative fluxes recom-
puted and the turbulence model solved.

Finally, the temporal integration of species and turbulence transport equa-
tions was performed using a second-order backward implicit method.

10.5.3 Turbulence Modelling

The solution of the governing equations (4.1-4.3) is valid when the computa-
tional grid is fine enough to resolve all the flow scales [379]. This would be
a Direct Numerical Simulation (DNS) of the flow which, today, is not afford-
able because its is too complex and time demanding. So, other modelling
techniques, such as Large Eddy Simulation (LES), are preferred for under-
expanded jet simulations [134, 379, 382].
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Region p (bar) T (K) u (m s−1)

0 ≤ l ≤ 0.5 m 1.0 348.4 0
0.5 < l ≤ 1 m 0.1 278.7 0

TABLE 10.4: Validation case initial conditions

The concept behind the LES approach is to model the smaller scales, which
are universal and not affected by the flow geometry, while explicitly solving
the larger ones. This is performed by mathematically filtering the governing
equations and introducing the so called Sub-Grid Stress (SGS) tensor (τsgs)
[294].

The SGS term modelling involves an eddy viscosity approximation. A
one-equation eddy viscosity model for compressible flows was adopted [147,
413]. This kind of approach, which is different from zero equations models,
uses a transport equation to compute the local SGS kinetic energy ksgs. Then,
the sub grid scale eddy viscosity νsgs is calculated using the ksgs field and
the filter dimension Δ (usually evaluated from the grid size) according to the
following relation:

νsgs = CkΔ
�

ksgs (10.3)

where Ck is a model constant whose default value is 0.094.
Finally, using this parameter, an effective viscosity (µe f f ) is obtained and

used for the solution of the governing equations (4.1-4.3) [134].

10.5.4 Code Validation

The developed code was initially validated using the shock tube case [346].
This is a common test case that is used in the literature to evaluate the ac-
curacy of algorithms for compressible flow simulations and their capability
for capturing shock waves and other typical features. The shock tube con-
sidered in this work was 1.0 m long, containing nitrogen and with the initial
conditions listed in Table 10.4.

The domain was subdivided in two regions along the length and initial-
ized with different pressures and temperatures. The computational domain
was then discretized using a grid with 1000 elements uniformly spaced in the
direction of the shocktube length; the time stepping value was 10−8 s. The
simulation results after 0.6 ms were plotted (see Figures 10.8, 10.9, 10.10 and
10.11) to show a complete agreement with the exact solution for each com-
puted field. Moreover the code capability to capture shock-waves and the
absence of solution oscillations are evident.
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FIGURE 10.7: Flowchart representing the developed solver
structure and summarize the operations performed in each cal-

culation step.
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FIGURE 10.8: Shock tube validation case: comparison of exact
solution with the numerical computed pressure.

FIGURE 10.9: Shock tube validation case: comparison of exact
solution with numerical computed density.
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FIGURE 10.10: Shock tube validation case: comparison of exact
solution with numerical computed temperature.

FIGURE 10.11: Shock tube validation case: comparison of exact
solution with numerical computed velocity magnitude.
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10.6 Multi-hole Injector Case Study

The computational domain is composed by the injector’s internal ducts which
are connected to a cylindrical tank that reproduces the CVC used in the ex-
periments.

FIGURE 10.12: The boundary conditions.

Specifically boundary conditions are the following:

• Walls (magenta): walls of the injection environment. The study of the
interaction of the jet with these surfaces is not a purpose of this study.

• Inlet (red): this is the section at the top of the domain where the in-
jected gas entered the domain. The manufacturer provided the time-
behaviour of the pressure at this section as represented in Figure 10.13.
Consequently, using the OpenFOAM boundary conditions, a uniform-
TotalPressure was imposed for the pressure while a zeroGradient was
used for the velocity. The value of the total temperature is fixed at
293.15 K. The intensity of the turbulent kinetic energy was fixed at 0.08.
The mass fraction of methane entering the system was fixed at unity (
CH4= 1) and, consequently, N2= 0.

• NozzleWalls (green): nozzle internal walls. A noSlip condition was set
for velocity. Considering the results of the X-ray tomography (Figures
10.2 and 10.3) specific laws of wall were adopted for the wall. More
precisely the turbulent kinetic energy and turbulent kinematic viscosity
boundary conditions are kqRWallFunction and nutkRoughWallFunc-
tion respectively. The first one provided a simple wrapper around the
zero-gradient condition for turbulent kinetic energy while nutkRough-
WallFunction manipulated a wall roughness parameter to account for
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FIGURE 10.13: Total pressure boundary condition.

Ambient Pressure 1 bar

Ambient Temperature 293.15 K

TABLE 10.5: Case Study Initial Conditions

roughness effects. Full details and a complete description are available
in [70].

The integration domain was initialized with the parameters reported in Table
10.5.

The geometry was discretized with two unstructured grids generated us-
ing the ������������� tool embedded in OpenFOAM. The two mesh are
topologically equal and, in particular, the coarse grid has dimensions of 100 x
100 x 100 µm while, for the fine grid, a refinement was adopted for the inter-
nal nozzle flow up to a grid sizing of 50 x 50 x 50 µm. Following Figure 10.14
shows details of the refinement region which extends for a few diameters
downstream from the nozzle.

The simulation was performed with the developed solver on the 36 cores
of two Intel Xeon Gold 6140. Numerical results were then post-processed
using Paraview software.
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FIGURE 10.14: Particular view of the refinement region of the
grid.

10.7 Experimental Results

The effects of injection pressure and in chamber back-pressure on evolution,
morphology and tip penetration of the spray are studied.

10.7.1 Effect of Injection Pressure

Figure 10.15 shows the comparison between the evolutions of the spray at
three different injection pressures, 1.0, 3.0, and 5.0 MPa, keeping constant
pressure and temperature in the chamber (pamb=0.5 MPa and Tamb=293 K,
respectively).Each sequence starts at the instant tSOI (time at Start Of Injec-
tion), that is the time-frame just before the gaseous jet exits from the nozzle
and appears in the chamber; next images are collected at a predetermined
time interval starting from tSOI , as a function of the camera acquisition rate.

Figure 10.16 graphs the values of jet tip axial penetration as a function
of time averaged on five consecutive injections per each test point. On the
profiles, the error bars, a statistical dispersion index estimating the variability
of measures carried out, are reported.

In Figure 10.17 the curves of the jet penetration speed are shown calcu-
lated as the derivative in time of the axial penetration.

Figure 10.15, 10.16 and 10.17 clearly show that:

• at very-early stage of the injection (up to about tSOI=0.20 ms), the ef-
fects of the injection pressure are imperceptible. In fact, the curves for
the three injection pressures are superimposed. In this stage, the in-
jector is still opening (the energizing time is the same for all injection
pressures) and the pressure at the nozzle exit gradually reaches its max-
imum value.

• increasing time, the effect of the injection pressure becomes evident:
the higher is the pressure the faster the jet penetrates. The increase of
the injection pressure produces a growth of the injected fuel and of the
jet momentum, being constant the injection duration. So, the higher is
the injection pressure then the faster is the penetration of the front-jet
as a consequence of the highest gas momentum. The tip penetrations
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FIGURE 10.15: Evolution of the gaseous jet structure at three
different injection pressures

(Figure 10.16) are upper limited around 75 mm because the tip edge
reaches the bottom of the field of view. It happens at 2.33 ms and 3.27
ms for the injection pressures respectively of 5.0 and 3.0 MPa, while for
1.0 MPa injection pressure the spray does not reach the bottom of the
field view.

• a two-stage development of the axial penetration curves is observed. In
the early one, a linear trend with a high slope of the curves is registered.
This linear trend turns toward a saturation trend at later time following
a log-type bent. So, the penetration rate slows down as the jet develops
further into the ambient gas.

• The two-stage behaviour can be observed for the jet penetration speed
as reported in Figure 10.17. The first is characterized by a rapid de-
crease of the speed; then after the knee, the curves of the jet speed
tend to flatten. Besides, the injection pressure is lower , later the speed
curves turn into a constant trend. This suggests that the two-stage de-
velopments of the jet penetration and jet speed are strictly related to
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FIGURE 10.16: Axial jet tip penetration vs. time at three differ-
ent injection pressures and pamb=0.5 MPa.

the braking effect of the gas in the chamber: lower pressures gener-
ate smaller velocities resulting in a delayed effect of the gas brake.It
is worthwhile to note that a similar behaviour was previously regis-
tered by the authors for both multi-hole [12] and single-hole [420] diesel
spray and for a gasoline direct injected spray [14].

10.7.2 Effect of back-pressure

Figure 10.18 shows the comparison between spray images, frozen at 1.0 ms
after the start of injection, for four different back-pressures, 0.05, 0.1, 0.5, and
1.0 MPa, keeping constant the injection pressure and the chamber tempera-
ture (pinj=5.0 MPa and Tamb=293 K, respectively).

In Figure 10.19, curves of axial jet tip penetration, with superimposed
uncertainty bars, are graphed as a function of time, similarly to Figure 10.16.

Figure 10.18,10.19 clearly show that:

• During the early stages of injection, until about tSOI=0.5 ms, jet tip pen-
etration curves overlap, highlighting that of the back-pressure effects
are negligible.

• Later, after tSOI=0.5 ms, higher is the back-pressure, slower the gas pen-
etrates inside the chamber. E.g., for a back-pressure equal to 0.05 MPa,
the spray tip reaches the end of the window span around 0.94 ms from
the start of injection, while reaches the end of the field of view after 3.6
ms for a back-pressure equal to 1.0 MPa.

• The jets develop over time with very different slopes, depending on
the nitrogen back-pressures. For back-pressures of 0.5and 1.0 MPa the
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FIGURE 10.17: Jet penetration speed vs. time at three different
injection pressures and pamb=0.5 MPa.

penetration curves show a trend similar to that shown in Figure 10:
a linear initial phase followed by a simil-logarithmic trend, highlight-
ing the braking effect of nitrogen. For back-pressures of 0.05 0.1 MPa
the braking effect of the nitrogen seems negligible, the jet penetration
shows a constant and quasi-linear growth versus time.
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FIGURE 10.18: Effect of chamber back-pressure on spray evo-
lution at tSOI=1.0 ms and pamb=0.5 MPa.

FIGURE 10.19: Axial jet penetration vs. time at four different
back-pressures and pinj=5.0 MPa.
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10.8 Numerical Results

The simulation allowed us to describe many aspects of the flow both in the
injector’s internal ducts and in the mixing region, which would otherwise be
very difficult to obtain.

The first set of result regards model validation. Figure 10.20 shows a com-
parison of experimental and numerical axial penetration of the jet over time.

FIGURE 10.20: Experimental and numerical axial jet tip pene-
tration vs. time

As can be observed, the agreement between the penetrations measured
from the experimental images and computed from the simulations is very
good and well within the combined numerical uncertainty up to 0.9 ms af-
ter the injection inception. In this phase, the penetration is ruled mainly by
the jet momentum. On the contrary, when the spray develops in the main
chamber, turbulent mixing governs the axial advancement; in this phase, the
numerical observation departs from the experimental data. The observed
differences suggest that a different turbulence model is required to properly
capture the air-fuel entrainment.

A very complex flow field appears within the injector as shown by the
temporal sequence of Figure 10.21. The Mach number contours are reported
on the left hand side, together with the logarithm of density gradient on the
right.

As a matter of facts, the apparatus consists of a converging-diverging por-
tion that accelerates the flow from a subsonic, high–pressure condition at the
inlet to a supersonic, low–pressure condition at the nozzle discharge, where
the Mach number reaches a value of around 2.5. At this location, the duct
branches off into seven smaller ducts: a central circular duct with a constant



224Chapter 10. Gaseous Jet Characterization: Multi-Hole Injector Case Study

FIGURE 10.21: Temporal evolution of the spray within the in-
jector’s ducts with a multi-plot of Mach number on the left
hand side and logarithm of density gradient (log(∇ρ)) on the

right side of each picture.

diameter of 0.88 mm, and six larger inclined ducts, whose section is a circular
sector with a hydraulic diameter varying in a stream–wise direction with a
value O(1 ∼ 3) mm, that drives the mixture into the main chamber.

The expected flow structure for an inviscid flow should resemble the
one sketched in Figure 10.22: the flow is accelerated into the converging–
diverging nozzle, attaining sonic conditions at the throat (choked flow). When
the flow reaches the smaller ducts, in ideal conditions (with an absence of
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FIGURE 10.22: Flow structure - inviscid flow

viscosity), the flow would continue undisturbed in the central duct at a con-
stant speed, pressure and temperature, the diameter would be constant and
the walls adiabatic (this is not completely true for an inviscid fluid, because
the flow is not exactly parallel in the central region). At the duct exit, the
pressure is generally lower than in the main chamber and the flow would
be re–compressed by a complex series of oblique shocks, slip surfaces and
expansion fans, normally observed in an under–expanded jet. Of course, the
precise structure of the jet (with diamond shocks, barrel shocks, Mach disks
etc.) depends on the pressure jump at the exit. Conversely, a more complex
flow structure consisting of a series of oblique shocks would appear in the
side ducts; these shocks are required to divert the supersonic flow along the
lateral duct and, given the Mach number of the approaching flow and the
deflection angle (very small) they are expected to be attached to the corner.
Therefore, the flow reduces its speeds across the oblique shocks, but remains
supersonic and, like in the central duct, it reaches the exit with a pressure
level which is lower than that in the main chamber. Given the flow struc-
ture described above, the discharge velocity is expected to be higher for the
undisturbed flow in the central duct.

The above description is not very realistic in the present test case, because
the viscous stresses plays a central role in the ducts, due to the relatively
low values of the Reynolds number (determined by the small hydraulic di-
ameters). In this scenario, a better description can be gained by recalling
the Fanno flow structure. In fact,by adopting the quasi–one dimensional
approximation, constant cross section and steady flow (using the adiabatic
walls hypothesis), it is possible to relate the local Mach number of the flow to
the distance from the entrance of the duct. In particular, there are two main
results that can be drawn from the theory of Fanno flows:
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1. for a supersonic inflow, the Mach number in the streamwise direction
can only decrease; on the contrary, for a subsonic inflow the Mach num-
ber increase; the relation between the Mach number variations and the
position along the tube is given by:

dM2

M2 = γM2




1 +
γ − 1

2
M2

1 − M2


 f dx

D
(10.4)

where M is the Mach number, γ the specific heat ratio, f the friction
coefficient and D the diameter.

2. a critical length of the duct exists, above which a non-regular or steady
solution is observed; by assuming a supersonic flow at the inlet, the
critical length is given by
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where L∗ is the critical length and Mi is the (supersonic) inflow Mach
number. The ratio on the left hand side is the Fanno parameter.

For the range of observed Mach number sat the duct inlet, in the present
case, the Fanno parameter is always below 0.13. Moreover, for the adopted
values of the relative roughness δ/D ∼ 0.06 (for a dimensional average
roughness of 50µm), we obtain that the maximum L∗/D is approximately
2.3. As the length of the central duct is longer than this value, a detached
and almost normal shock must appear at the entrance to slow down the inlet
flow to subsonic conditions. After that, according to Fanno theory, the flow
accelerates back to a sonic condition on the exit section. IN the side ducts the
deceleration to subsonic conditions takes place by means of a more complex
shock structure, close to a classical Mach reflection.

Once the flow enters the ducts, the friction coefficient is very similar and
the exit speed is higher in the central duct, because it is shorter and with
constant cross section. In fact, in addition to the viscous stress, the subsonic
flow in the side ducts decelerates because of the increasing cross section.

The sketch of Figure 10.23 summarizes the flow features for the case of a
viscous fluid. Of course, this description is also an approximation of the real
situation because the actual flow is neither steady nor one–dimensional.

It should be noted that the jet evolution is not steady as assumed in the
simplified analysis above that make use of the Fanno theory. Indeed, as
shown in Figure 10.13, the inlet section pressure varies in time and, there-
fore, the actual flow evolution is characterized by a complex transient evolu-
tion. Nevertheless, if we consider the transient flow as a succession of quasi
steady state problems, the previous description of the results based on the
steady Fanno flow can be useful in understanding some relevant features.
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FIGURE 10.23: Flow structure - viscous flow

Once the flow reaches the main chamber, a very complex mixing region
is observed, as reported in the sequence of Figure 10.24. It represents the
temporal evolution of the spray in the injection environment represented by
a methane concentration (YCH4) volume rendering. There are no simple the-
ories capable of describing the jet development and so the flow description
must rely on the simulation. Verification and validation, obtained by com-
paring the simulation with an analogous physical experiment, will help to
quantify the reliability of the reported numerical results. After 0.3 ms, the
central plume enters in the bulk introducing methane too. At 0.5 ms from the
SOI (Figure 10.24-c) the lateral plumes exit creating spherical structures with
higher methane concentration than the central jet. Then, the circumferential
plumes develop maintaining a central core rich of methane (Figure 10.24-d,
e). At 1.1 ms (Figure 10.24-f) the jet is approaching towards the bottom of the
bulk, the relatively high turbulence intensity promotes the air/fuel mixing
process as highlighted by tendency towards bluer tonalities.

The image-sequences of the Figure 10.25 shows the jet development at
different time-steps. In order to have a clear, easy to read, representation of
the results, the logarithm of the density gradient was plotted with a proper
colour map. Figure 10.25-a shows the first stage of the injection when the
seven plumes exit, respectively, from the six circumferential openings and
from the central hole. As the injection goes on (Figure 10.25-b) the central
hole’s jet penetrates significantly faster than the circumferential ones which
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FIGURE 10.24: Temporal evolution of the spray development
region represented by methane concentration (YCH4) volume

rendering.

proceed with an evidently lower velocity. This is due to the oblique con-
figuration of the circumferential holes that give to the jet also a radial speed
component, differently from what happens in the vertical central nozzle. The
injection pressure increases (Figure 10.25-c, d), as the Reynolds number, and
so the first instabilities in the flow appear.

At 0.9 ms the jet is turbulent (Figure 10.25-e) and furthermore, the injec-
tion pressure is such that under-expanded structures grow in the near nozzle-
field where oblique shocks are recognizable, as illustrated in the (Figure 15-f)
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FIGURE 10.25: Temporal evolution of the spray represented
with logarithm of density gradient.

and, with more details, in the Figure 10.26. The latter shows a zoomed pic-
ture of near-nozzle zone, at the end of the injection when the under-expanded
structures are much more evident.

Figure 10.27 shows the Mach number as function of the vertical distance
from the outflow section of the injector’s central nozzle. Four time-instants
were reported as parameter. Initially, at 0.5 ms, sonic conditions were al-
ready reached, but small oscillations are present. As the injection goes on,
injection pressure increases and so the oscillations grow reaching, at t =1.1
ms, an amplitude of about the unity. These oscillations are linked with the
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FIGURE 10.26: Zoomed view of the near-nozzle zone where, at
the end of the injection; under-expanded structures compares.

presence of shock cells. Indeed, upstream each shock, the Mach number in-
creases while, after, downstream the shock, decreases preserving the sonic
conditions as we expected from the theory. Moving downwards (increasing
z), and so leaving the near nozzle zone, the shock cells disappear (Figure
10.27) and consequently the oscillations fade away.

FIGURE 10.27: Mach number as function of axial distance from
the central nozzle outflow section.

A quantitative estimation of the mixture quality has a relevant impor-
tance, especially with regards to the combustion process. Therefore, an al-
ready established statistical approach was applied to this case study [378,
380]. The probability density function (PDF) of mass weighted methane frac-
tion wasn computed within the spray volume (ρiViYCH4,i) delimitated using
a threshold value for the mass fraction of YCH4,i > 0.001. The probability
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density function allows to obtain the distribution of instantaneous fuel con-
centration in each cell, thus providing numerical information about global
air/gas mixture. Figure 10.28 shows the PDF computed at four different in-
jection time intervals. After a short time, like 0.5 ms, the methane is confined
in the jets cores and it is almost completely unmixed, the mixing process
has not still begun, the relative red curve presents a peak around a methane
mass fraction equal to the unity. This peak location gives an idea of how
much methane/air was entrained [378] and, at this time step, the location
corresponds to a high mass fraction value demonstrating that the entrain-
ment is low. The injection goes on and the methane plumes grow. At 0.7
ms, the statistical distribution has a peak with a greater height. The peak
height is related to the mixing between the jet and the entrained volume. A
higher and narrower peak means that both the entrainment and the mixing
are better [378]. Then, together with the spray volumetric growth, turbu-
lence induced mixing effects break-up the methane rich central-core of the
jet and, at 0.9 ms, the distribution has a flatter shape. The last time step is
at 1.1 ms when the spray has almost reached the vessel bottom side. Mixing
effects have developed and the PDF’s behaviour now shows that is easier to
find cells with a concentration of methane in flammable conditions. Indeed,
a new peak is collocated within the two grey vertical lines. They delimit the
flammable zone defined by a methane mass fraction between 0.044 and 0.15.

FIGURE 10.28: Probability distribution of fuel mass fraction
YCH4,i computed ad four different time steps.

The integral of the PDF function between these two values represent the
probability of finding methane in flammability conditions within the injec-
tion environment. Histogram of Figure 10.29 is a quick representation of
such integral’s results. By the end of the simulated interval about the 34%
of the injected methane is in flammable condition. This value can be read as
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a quantitative measurement of the injector performance in terms of mixture
formation and can be exploited to make comparison with different injector
configurations and operating conditions.

FIGURE 10.29: Probability distribution of fuel mass fraction
YCH4,i computed ad four different time steps.
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Chapter 11

Conclusions

This chapter summarises the major findings of the studies conducted in the
present thesis providing also recommendations for future work.

11.1 Summary

The present thesis deals about the characterization of fuel sprays in direct in-
jection engines. Lately, this technique, broadly used in compression ignition
engines, is being considered also for application in spark ignition engines be-
cause vehicles manufacturers have to meet with the latest normative about
GHG and pollutant emissions.

Further than pollutant emissions reduction, other improvements are so
achievable with this technology. Surely it must be mentioned engine down-
sizing, thermal efficiency increasing but at the same time, some issues have
to be solved. The principal one regards the short time and space available
for mixture formation, indeed, placing the injector directly in the combus-
tion chamber the spray formation process must be controlled deeply and the
turbulence action exploited in order to obtain the desired mixing activity. For
this reason great scientific interest is gaining around these problems aiming
to find valid solutions.

The methodology broadly adopted involves performing experimental cam-
paigns for tune and validate numerical codes for CFD simulations that allow
to investigate further aspects otherwise impossible to observe and quanti-
tatively estimate. A review of the current imaging techniques adopted for
spray characterization is presented underlying also the physical principles
behind such optical techniques. Then, the theoretic basics of a CFD code are
detailed and the principals features of mono-phase and multi-phase simula-
tion discussed.

The work is subdivided into two main areas of interest: liquid gasoline
injection in gasoline direct injection (GDI) engines and direct injection of
gaseous fuels and, in particular, methane. Following sections report the main
finding of each area.

11.2 Liquid Fuel Injection in GDI Engines

The study of Gasoline direct-injection systems (GDI) begins from a broad
literature review which highlights the importance of such technology in the
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field of internal combustion engines developments. In the scenario of GDI
engines research spray formation has a key-role. The attention was focussed
on the Spray G injector, part of the ECN community.

Initially, a numerical reconstruction of such high-pressure spray was de-
veloped thanks to a CONVERGE CFD software. The model was validated
against experimental data for standard injection conditions. Fitting between
experimental and numerical is good and the computed spray shape is close
to the real one. The simulation features an Eulerian-Lagrangian approach
with Kelvin-Helmholtz breakup model and RANS turbulence framework.
The numerical model allows obtaining further information concerning the
spray behaviour and clarifying correlation with the injection parameters.

The study continues investigating injection in presence of flash boiling.
Flash boiling is the sudden phase change of a fluid from liquid phase to the
vapour one and it occurs operating at high temperature levels of the injected
fuel and low back pressure values. It consists on the formation of vapour
bubbles in the liquid fuel flow and their consequent explosion which results
in sudden evaporation and catastrophic disintegration of the liquid jet, due
to the occurrence of sub-saturation pressure conditions. Flash-boiling may
have a significant influence in GDI engines because it can reduce the pene-
tration length, change the spray pattern, promote the so called vapour lock
within the nozzle and it involves also the spray’s collapsing which is an un-
desired effect. If controlled, this process can be used to enhance the spray
formation and the air/fuel mixing . For these reasons, a new breakup model
was developed in the OpenFOAM environment fbBreakup and embedded
in the sprayFoam Eulerian-Lagrangian solver. It aims to capture the droplet
shattering mechanism present in the flash-boiling of fuel sprays using linear
stability analysis, bubble growth and conservation laws. A radial velocity
component was added to the child parcel in order to account for the spray ex-
pansion after breakup in the near-nozzle zone. Secondary breakup was then
simulated using the classical Reitz-Diwakar model. This new methodology
was used to simulate the ECN Spray G injector in various flash-boiling con-
ditions. A qualitative and quantitative validation of this modelling approach
was performed, relying on experimental data collected using schlieren and
Mie scattering imaging techniques. The main findings are:

• The model is capable of reproducing correctly the spray liquid and
vapour penetrations for different environmental conditions and injec-
tion pressures.

• Numerical uncertainty estimation, performed based on the classical
procedure, ensures convergence of the solution with further grid re-
finement.

• The spray morphology is well reconstructed. Spray expansions, caused
by flash boiling occurring in the near-nozzle zone, were reproduced
thanks to the addition of the radial velocity component.

• Spray collapse, occurring only in strong flash-boiling conditions, was
captured too. The reason for such spray behaviour is the formation of
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an extensive low pressure zone right downstream from the injector tip
in the axial direction and inside the plume rose.

• Comparison of the numerical results of SMD32 with experimental data
acquired by [104] using the PIV technique highlights that the imple-
mented breakup mechanism correctly estimates the diameter dimen-
sions, but, in the meantime, great sensitivity was found with respect to
the droplet’s injection diameter distribution.

• The flash-boiling breakup model predicts the breakage of droplets in
the near-nozzle zone where an important reduction of the parcels’ di-
ameter is present.

• The results of the evolution of the liquid film thickness within the bub-
ble–droplet system are very similar for the different analysed condi-
tions, while flash-boiling droplet explosion occurs faster in the presence
of a lower ambient density.

Future developments of this numerical approach should consider the im-
plementation of a specific injection model accounting for cavitation and flash
boiling occurring within the injector’s nozzles. This is required in order to
correctly initialise the parcels’ diameter.

11.3 Gaseous Injection Processes in Direct Injec-
tion Engines

The second area of interest regards the CNG direct injection in combustion
chamber. CNG is commonly recognized as an attractive fuel for both spark-
ignition (SI) and compression-ignition (CI) engines. CNG has a higher-octane
number and hydrogen/carbon ratio, can be produced in renewable ways
and is more widespread and cheaper than liquid fossil fuels. Lately, the
interest around such gaseous fuel is growing and many design configura-
tion have developed. In all the cases these processes involves the presence
of super-sonic jets in order to inject the required mass flow. The physics of
under-expanded jets as the formation of normal (Mach-discs) and oblique
de-attached shock waves are discussed detailing the features. The study con-
tinues characterizing the jets issued form two different injection devices.

The first case regards a single-hole commercial injector which was exper-
imentally and numerically investigated. The experimental study was carried
out by injecting methane into a constant-volume vessel under different in-
jection pressures and different chamber counter-pressures and temperatures.
The images acquired allow to evaluate jet tip penetration, Mach disk posi-
tion and spray cone-angle Then, a CFD model of the injection process for
different operating conditions was developed in order to investigate air/fuel
mixing process. Such model allows a broader understanding of the jet’s char-
acteristic and, especially, provides further informations not available experi-
mentally. The simulations were performed with CONVERGE CFD software
suite.
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The second part of the investigations of the under-expanded jets deals
with the development of a density-based OpenFOAM solver featuring Runge-
kutta 4th order time discretization and central flux splitting scheme of Kurganov
and Tadmor. Such numerical approach is an alternative to the classical pressure-
based algorithms (used in this work for the first case study) and is regarded
as being more accurate on flow field discontinues description such shock
waves and Mach discs. The code was validated with a common test case and
then used for simulating the injection process of an innovative high pressure,
multi-hole device for direct injection of gaseous fuels. Alongside with the
numerical activities the injector was studied also experimentally recording
the injection process in a constant volume chamber using different injection
pressures and environmental conditions. The images were recorded with the
schlieren technique and a proper image post-processing performed.

The main findings of the investigations are summarized as follow:

• at sufficiently high-pressure ratios, the jet has a transient nature and
involves three flow patterns: subsonic, moderately under-expanded,
with its characteristic shock cells structure, and highly under-expanded
with Mach disk formation and typical “barrel shock” configuration.
The same flow patterns were captured by developing a LES numeri-
cal model;

• generally the jet penetration has a two-stage development: in a first
phase it has a relatively high speed then, after a knee, decelerates and
the curves of the jet speed tend to flatten. This is strictly related to the
braking effect of the gas in the chamber.

• higher injection pressures correspond to an increase in jet tip penetra-
tion and to an increment of maximum Mach disk height;

• changing in injection pressure does not seem to affect the jet cone angle;

• higher chamber pressures correspond to a decrease of jet tip penetra-
tion and to an increase of jet cone angle;

• the variation chamber of the temperature does not seem to significantly
affect axial penetration;

• the PISO algorithm is capable to reproduce under-expanded jets fea-
tures however the best numerical approach involves the adoption of a
density-based solution method of the governing equations;

• the flow within the ducts of an injectors is pretty complex, involves nu-
merous discontinues in the flow field and shock-waves. Theoretically
it can be described with the Fanno theory

• the spray development in the injection environment is strongly influ-
enced by the air entrainment especially in the latest phase of the injec-
tion
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• the turbulence must be selected with great attention. For future devel-
opments, an improved turbulence model will have to be used.

• the air-fuel mixing quality can be quantified through a statistical ap-
proach. A probability density function describes how the methane in-
teracts with air and the characteristics of the mixture obtained.

• 2-D maps of methane mass fraction highlight the presence of zones
composed almost uniquely by methane (potential core) surrounded at
both side by nitrogen mixed layers. Downstream the potential core,
methane fraction assumes lower values. It can be conclude that higher
NPR imply better mixing;

These results can be exploited to deepen the knowledge of under-expanded
jets evolution in engines fuelled by direct injection of the gas and, therefore,
to optimize of the mixture formation process. Future studies could involves
tests of the developed model against other experimental datasets.
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