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Abstract

In this work, the potential of using ozone for possible applications in both
unconventional engines, in particular Homogeneous Charge Compression Ignition
(HCCI) engines, and conventional Spark Ignition engines was investigated. For this
purpose, simulations were conducted by employing 0-D, 1-D numerical models and
Computational Fluid Dynamics (CFD). The iso-octane/air/ozone mixture was the one
mainly investigated; however, analyses were also carried out considering the
methane/air/ozone mixture. First, the chemical kinetics of ozone-assisted combustion
were studied, evaluating the effect of ozone on Laminar Flame Speed (LFS), Ignition
Delay Time (IDT), flame structure and reaction paths. Then CFD simulations of both an
HCCI engine and a Spark Ignition engine were carried out to evaluate the effect of ozone
on performance, fuel economy and specific fuel consumption under different operating
conditions (mixture composition, engine speed, spark advance). The main results show
that the ozone addition leads to an increase in LFS, however, different behaviour was
found for methane and iso-octane. Specifically, for relatively low temperatures (T<540
K) the effect of ozone is similar on the two fuels, while for temperatures higher than about
540 K only in the case of iso-octane a cool flame occurs, leading to a significantly greater
increase in LFS than in methane. Furthermore, in the presence of a cool flame and with
ozone addition, the increase in pressure leads to an increase in LFS, unlike with methane
and unlike without ozone. The formation of a cool flame is due to the chemical reactions
in the Low-Temperature Combustion (LTC) regime and the change in reaction pathways
enabled by the ozone. The results show that 0zone decomposes, producing oxygen atoms
that oxidise the fuel, producing OH radicals that continue the oxidation. Ozone
decomposition occurs faster the higher the temperature and pressure, with an acceleration
of ozone chemical kinetics for temperatures higher than about 540 K. Enabling the LTC
regime through ozone leads to a reduction in IDT. Specifically, the results show that as
ozone concentration increases IDT decreases, with a greater impact at low temperatures.
However, the reduction of IDT with ozone addition is less as ozone concentration
increases, especially at low temperatures. These results encourage the use of ozone in
HCCI engines where the combustion phase is mainly governed by chemical kinetics. In
particular, the HCCI engine simulations suggest that the ozone addition, by reducing the
IDT and enabling reactions in the LTC regime, is able to anticipate the mixture auto-



ignition, reduce the combustion duration and reduce the cycle-to-cycle variation which
characterises these engines especially at low load. Furthermore, the ozone effect is higher
in the case with a higher percentage of residual gas, leading to a reduction of the Specific
Fuel Consumption (SFC) from 1.54% to 4.96% under some conditions for the case
without residual gas and the case with 10% by mass of residual gas. Another interesting
factor suggesting the results of the simulations is that the ozone effect could be reduced
in the presence of reactive species, especially nitrogen oxide, due to a direct reaction
between the two species. However, this effect is limited in an HCCI engine since
combustion takes place at low temperatures and the formation of NO, is relatively low.
As regards the ozone applications in Spark Ignition engines, simulation results suggest
that the flame propagates faster with ozone addition and this effect is more pronounced
the longer the residence time of the mixture. The delay in spark advance or the lower
engine speed gives more time to ozone to decompose and enable LTC reactions in both
compression and end gas, leading to an increase in flame speed. However, the interaction
between the parameters influencing the residence time in the end gases (flame
propagation speed, engine speed, spark advance) and those influencing the IDT in the end
gases (temperature, pressure, mixture composition) must be carefully investigated,
because in some cases mixture auto-ignition can occur, resulting in loss of performance
and possible structural damage due to detonation and high maximum pressure rise rates.
For this reason, ozone can have interesting applications in Spark Ignition engines
operating under lean conditions. Simulation results on LFS show an increase in LFS under
lean conditions with ozone addition to higher values than those obtained in stoichiometric
conditions without ozone. Furthermore, the reduction of the equivalence ratio leads to an
increase in IDT, reducing the risk of mixture auto-ignition. Indeed, the results of CFD
simulations in lean conditions show that the flame propagation speed, which without
ozone is lower than in the stoichiometric case, benefits more than in the stoichiometric
case from the presence of ozone, increasing engine performance: in some conditions with
ozone addition, a maximum increase in gross indicated work per cycle of 4% and 14%

was obtained for the stoichiometric and lean cases, respectively.
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Introduction

I. Energy and environmental context

Over the past decades, world energy consumption has continued to rise
significantly, going from 87,933 TWh in 1980 to 176,431 TWh in 2021, an increase of
about 74% [1,2]. Only in 2009 (due to the financial crisis) and 2020 (due to the Covid-19
pandemic) energy demand decreased compared to the previous year. Figure 1.1 shows the
world energy consumption by source and it can be seen that most energy is produced from
fossil sources. In 2019, about 84% of energy came from fossil sources (about 33% from
oil, 27% from coal and 24% from gas), a reduction of only 2% compared to 2000. Only
16%, therefore, came from low-carbon sources, including nuclear energy (4.3%),
hydropower (6.4%), wind (2.2%), solar (1.1%), biofuels (0.7%) and other renewables
(0.9%). Despite producing more and more energy from renewable sources every year, the
global energy mix is still dominated by fossil fuels, which, moreover, are increasing
globally: total production has increased from 116,214 to 136,761 TWh in the last 10 years.

In International Energy Outlook 2021 (IEO02021), the U.S. Energy Information
Administration stated that global energy consumption will increase by almost 50% over
the next 30 years. As shown in Figure 1.2, the majority of that increase will be driven by
non-OECD (Organisation for Economic Cooperation and Development) countries,
mainly due to the continuing population growth and the development needs of poorer,
less technological countries. According to these projections, falling technology costs and
government policies that incentivise renewables will lead to growth in renewable
electricity generation to meet growing demand. On the other hand, even if coal and
nuclear energy use will decrease in OECD countries, this reduction will be more than
compensated by increased coal and nuclear energy use in non-OECD countries.
Renewable energy sources, such as solar and wind energy, have strong fluctuations and
are not always available and sufficient to meet energy demand. Therefore, combustion
still plays a fundamental role in society, for both transport and energy production. In 2050,
therefore, oil and other liquid fuels will remain the world's main source of energy, despite
the renewable energy sources, which include solar and wind, growing at almost the same

level.



Energy consumption by source, World
Primary energy consumption is measured in terawatt-hours (TWh). Here an inefficiency factor (the 'substitution'
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Figure 1.2. Global Energy Consuption by fuel. [2].

The increase in global energy demand, however, conflicts with the need to reduce
polluting emissions in order to safeguard the environment and human health. The Kyoto
Protocol, negotiated in December 1997, was the first international treaty that looked to
limit Greenhouse Gas (GHG) emissions, requiring signatory countries to reduce their
greenhouse gas emissions by 5% compared to 1990 levels between 2008 and 2012 [3].
More recently at COP 21 in Paris, the Paris Agreement was adopted by 196 Parties who,



in a legally binding international climate change treaty, set themselves the goal of limiting
global warming to well below 2°C, preferably to 1.5°C, compared to pre-industrial levels
[4]. To contrast climate change, the European Union (EU) has employed a series of laws
to achieve a number of targets by 2020: 20% cut in greenhouse gas emissions (compared
to 1990 levels); 20% of EU energy from renewables; 20% improvement in energy
efficiency. Later, for the period 2021-2030, the EU set itself the following key targets: at
least 40% cuts in greenhouse gas emissions (compared to 1990 levels); at least 32% share
for renewable energy; at least 32.5% improvement in energy efficiency. The EU declared
the long-term goal is to become climate neutral by 2050, i.e. to have an economy with
zero net greenhouse gas emissions. [5-7].

Figure 1.3, shows global GHG emissions by sector [8]. As can be seen around
three-quarters of GHG come from energy (about 73.2%) with transport contributing
16.2% of global GHG emissions, i.e. about 22% of GHG emissions due to energy
production. Road travel accounts for three-quarters of transport emissions, most of this
comes from passenger vehicles (cars and buses), which contribute 45.1%, and the other

29.4% comes from trucks carrying freight [8, 9].

Global greenhouse gas emissions by sector FisEe
This is shown for the year 2016 - global greenhouse gas emissions were 49.4 billion tonnes CO,eq.
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Figure 1.3. Global Greenhouse gas emissions (GHG) by sector. [8].



This means that, if we could electrify the whole road transport sector, with a transition to
a fully decarbonized electricity mix, we could feasibly reduce GHG emissions by 11.9%.
Moreover, considering that, as mentioned above, energy demand is set to grow very
significantly with the increase in global population and prosperity, particularly in
developing countries, and that currently more than 80% (in 2050 probably about 50%) of
energy comes from fossil sources, if this increase in demand is not offset by
improvements in energy efficiency, the challenge of the transition of our energy systems

from fossil fuels to low-carbon energy sources will be very difficult.

In the transport sector, which is dominated by internal combustion engines,
several strategies have been studied in recent years. These include the electric or hybrid
supply of vehicles, fuel cell electric vehicles, the use of biofuels, and the adoption of
conventional or unconventional thermal engines. The choice of the different solutions,
together or separately, depends on several factors such as the consumer acceptance (e.g.
cost), the country considered (technological or developing), and the specific application
(city, country, personal, freight, etc.). Furthermore, stationary internal combustion
engines (e.g. generators, not those for transport or off-road applications) are ubiquitous
in industries and power generation facilities. Therefore, the combustion engine will
continue to play a central role, whether it is used for power generation or to power the

vehicle itself.

I1. Objectives and organization of the manuscript

Considering both the energy and the climate context described above, there is a
need to find increasingly efficient strategies and technologies in terms of both
performance and reduction of pollutant emissions for internal combustion engines. To
achieve these goals, engineering research is focusing on several aspects, including:
improving the combustion process, better after-treatment and control systems, exhaust
gas heat recovery, exhaust gas recirculation, use of biofuel, employment of
unconventional engines, use of a bi-fuel (gasoline and gas).

The aim of this work was to investigate ozone-assisted combustion for internal
combustion engines applications, evaluating the possible increases in performance,

energy efficiency and reduction of fuel consumption. The influence of ozone on



combustion has been studied in recent decades and still represents one of the possibilities
for improving and controlling the combustion process and reducing pollutant emissions
in internal combustion engines. Most of the studies on ozone-assisted combustion in the
scientific literature have concerned applications with methane and, as regards internal
combustion engines, in HCCI engines. In this work, however, the mixture mainly studied
was iso-octane/air/ozone. By employing 0-D, 1-D numerical models and CFD, the ozone
effect on combustion was investigated considering various aspects useful for possible
applications in internal combustion engines. Specifically, chemical kinetics was studied
by coupling, comparing and validating several reaction kinetics mechanisms taken from
the scientific literature and calculating some characteristic combustion parameters, such
as laminar flame speed and ignition delay time. In addition, the work cycles of both an
HCCI engine and a Spark Ignition engine were simulated using CFD with a model that
solves chemical kinetics in detail, evaluating the effect of ozone on both the thermo-fluid-
dynamic evolution of the mixture during compression and on some performance
parameters (such as work per cycle, specific fuel consumption, combustion speed, etc.)

under different operating conditions.

The present work is based on the following scientific publications (in addition,

part of this thesis is being submitted for further publication):

e M. D’Amato, A. Viggiano, V. Magi, On the Turbulence-Chemistry
Interaction of an HCCI Combustion Engine, Energies, 13 (2020) 5876.
https://doi.org/10.3390/en13225876;

e M. D’Amato, A. Viggiano, V. Magi, A numerical investigation on the
laminar flame speed of methane/air and iso-octane/air mixtures with ozone
addition, Combust. Flame, 241 (2022) 112145.
https://doi.org/10.1016/j.combustflame.2022.112145;

e M. D’Amato, A. Cantiani, V. Magi, A. Viggiano, The Laminar Flame
Speed of Iso-Octane/Air/Ozone Lean Mixtures under Engine-Like
Thermo-chemical Conditions, IOP Conf. Ser.: Earth Environ. Sci., 1106
(2022). https://doi.org/10.1088/1755-1315/1106/1/012005;



https://doi.org/10.3390/en13225876
https://doi.org/10.1016/j.combustflame.2022.112145
https://doi.org/10.1088/1755-1315/1106/1/012005

e M. D’Amato, V. Magi, A. Viggiano, On Iso-octane Combustion with
Ozone Addition under HCCI Engine-Like Conditions, J. Phys.: Conf. Ser.,
2385 (2022) 012086. https://doi.org/10.1088/1742-6596/2385/1/012086.

This manuscript is organised as follows.

The first chapter presents the literature review on ozone-assisted combustion, with
particular interest for applications in both conventional and unconventional internal

combustion engines.

The second chapter discusses the mathematical and numerical models used for the

variety of investigations that were carried out.

The third chapter concerns the study of the chemical kinetics of combustion of
iso-octane/air/ozone mixtures. The different kinetic mechanisms used in the successive
analyses are described, compared and validated, and a comparison is made with methane
for which there are experimental results in the literature. In addition, a parametric study
is carried out to calculate the laminar flame speed and ignition delay time under different

thermodynamic conditions and mixture composition.

The fourth chapter presents the results of the analyses concerning the possible
applications of ozone in HCCI engines. Specifically, a parametric analysis of the ignition
delay time under typical HCCI engine conditions is performed; in addition, CFD
simulations of an HCCI engine are performed in order to assess how the interaction
between residual gases and ozone can alter the chemical composition and the combustion
process in this type of engine.

The fifth chapter presents the results of the analyses concerning the possible
applications of ozone in Spark Ignition engines. Specifically, a parametric analysis of the
laminar flame speed under typical Spark Ignition engine conditions is performed; in
addition, CFD simulations of a Spark Ignition engine are performed in order to assess
how ozone alters the performance of these engines under different conditions of engine

speed, ignition timing and equivalence ratio.

Finally, the last chapter summarises the main conclusions that can be drawn from

the analyses performed.


https://doi.org/10.1088/1742-6596/2385/1/012086

1. Chapter 1: Literature review

1.1 Ozone chemical kinetics and effects on combustion

In recent decades, many studies were conducted to understand the properties of
ozone and investigate its effects within combustion systems [10]. There are several
characteristics of ozone that have captured the attention of researchers for its use in
combustion processes. One of these characteristics is that ozone, due to its relatively long
lifetime (about 25 hours at room conditions and zero humidity) [11], could be transported
to the combustion region, thus promoting fuel oxidation. Another relevant aspect is the
simplicity of its efficient and economical production even under high-pressure conditions,

i.e. the operating conditions of most combustion devices.

Since ozone is a molecule consisting of three oxygen atoms, most commercial O
generators operate with electrical discharges (typically corona discharge or dielectric
barrier discharge), which are used to break the molecular bond of 0,, producing atomic

oxygen, which then recombines with 0, to form ozone via the reaction:
R11) 0,+0+M20;+M,

where M is a third-body and represents all collision species. However, if air is used to
produce ozone, species such as N, NO and NO, NO, are also produced [12,13], which

could consume some of ozone through the reactions:
R1.2) N+ 0,2 NO + 0,

R1.3) NO + 053 2 NO, + 0,,

R1.4) NO,+ 0; 2 NO5 + 0,.

Due to the direct reactions between ozone and nitrogen oxides, the possibility of
using ozone to convert NO, which has a low solubility in water, into NO, or NO5, which

being more soluble can be captured, was also investigated [14,15].

Most studies concerning the chemical reactions involving ozone were focused on
atmospheric chemistry, as ozone is not usually present in conventional combustion
processes. However, already in the first studies concerning ozone-assisted combustion [16-

20], it was realised that one of the fundamental reactions to utilise 0zone in combustion



systems is the backword R1.1 reaction, through which ozone decomposes releasing an
oxygen atom that is highly oxidising. Due to its importance, the R1.1 reaction was
extensively studied [21-28], and it was observed that, away from its high-pressure limit
(above 100 bar), it is a bimolecular reaction, therefore dependent on both temperature and
pressure. Other important reactions involving ozone in combustion processes are ozone
oxidation reactions (O; + X 2 0, + X0) and production of HO, (03 + XH 2 HO, +
product).

Concerning the interaction between ozone and hydrocarbons, a significant
difference was found between saturated hydrocarbons (alkanes) and unsaturated
hydrocarbons (alkenes) [29]. The idea behind the use of ozone with hydrocarbons is that,
through the R1.1 reaction, ozone produces oxygen atoms that can accelerate reactions
involving fuel molecules. However, this interpretation is based on the assumption that
oxygen atoms are always produced, a condition that may not occur. While reactions
between ozone and alkanes are very slow [30,31], those with alkenes are approximately
one million times faster [32,33,34]. The alkenes therefore undergo ozone cycloaddition by

exothermal reactions, generally called ozonolysis reactions, such as:
R1.5) O3 + Fuel 2 Products + Q,

where Q is the heat release. Ozonolysis reactions occur very quickly at low temperatures,
unlike most fuel oxidation reactions, which require high temperatures instead. For this
reason, for mixtures containing ozone and alkenes, ozone decomposition is the dominant
mechanism of O; consumption only at high temperatures, whereas at low temperatures

(approximately below 700 K), ozonolysis reactions are the dominant mechanism [10].

Studies conducted on ozone assisted combustion have covered several aspects such
as: mixture ignition, flame propagation speed, flame structure and stability. Lucas et al.
[35] investigated the influence of pressure, initial temperature, and equivalence ratio on the
minimum ozone concentration to produce ignition with a laser in H,/0,/05; mixtures at
pressure below 13.3 kPa. The results showed that only the initial temperature had a
significant effect, specifically as the temperature increased, the minimum ozone
concentration decreased. Other photolysis experiments were conducted by Liu et al. [36]
comparing the growth speed of the flame kernel obtained in H,/0,/Ar and H, /0, /Ar /04
mixtures, finding that with ozone addition the growth speed of the flame kernel was much

higher.



Nomaguchi and Koda [37] employed methane and methanol as fuels and found
that the ignition time, defined as the minimum spark time duration to ensure a stable
kernel, was significantly reduced with partially ozonized air. In addition, they made
measurements on the burning velocity at room and stoichiometric conditions. The results
showed that the addition of 5000 ppm ozone to the CH,/Air mixture increased the
combustion speed by 5%. Ombrello et al. [38] investigated the thermal and kinetic effects
of 05 on flame propagation by using C3Hg/0,/N, laminar lifted flames. They observed
an acceleration of chemical kinetics with ozone by comparing flame stabilization
locations with and without O5; production. In particular, taking into account
hydrodynamic and Kinetic effects, experiments at atmospheric pressure showed a 4%
enhancement of the flame propagation speed with the addition of 1260 ppm 05 to the
oxidant 0,/N, under stoichiometric conditions. Halter et al. [39] examined the
combustion and laminar flame speed of methane with ozone addition using both an
experimental and a numerical approach. Ozone was produced using a dielectric barrier
discharge device. Equivalence ratios between 1.0 and 1.3 were investigated. The laminar
flame speed measured at atmospheric pressure and room temperature is presented in
Table 1.1.

Table 1.1. Laminar flame speed measurements for CH4/Air/Ozone mixture, P =
0.1 MPa, T = 300 K. [39]

S, CHy/air S, with O, (5 g/Nm®) absolute error  relative error

o (cm/s) (cm/s) (cm/s) (%)
1.01 38.08 39.02 0.94 2.5
1.04 39.20 40.34 1.14 29
1.08 3925 40.07 0.82 2.1
1.11 38.18 38.55 0.36 L0
L.15 3740 37.7 0.35 0.9
119 3313 34.67 155 4.7
1.22 3127 32.17 0.90 29
1.26 2645 27.51 1.06 4.0
1.29 2232 23.01 0.69 31




Table 1.1 shows that the laminar flame speed increased for all examined equivalence ratios.
These results were also confirmed by simulations with other ozone concentrations, as

shown in Figure 1.1.
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Figure 1.1. Laminar flame speed simulations for CH 4/Air/Ozone mixture, P = 0.1 MPa,
T =300 K. [39]

In addition, a detailed kinetic analysis was performed to evaluate the normalised
production and consumption rates of each species under certain flame conditions.
Reaction pathways were compared in the presence and absence of ozone at the maximum
concentration of HO, and the kinetic analyses showed that, with ozone addition, the
methane rate of consumption increased by 40% at stoichiometric conditions, 394% at
@ = 0.6 and 977% at ¢ = 1.4, where ¢ is the equivalence ratio. A comparison of the
main reaction pathways of methane in the cases with and without ozone is shown in
Figure 1.2. In both cases, methane is mostly consumed by the reaction with OH, however,
with ozonated air, the reaction rate with oxygen atoms increased by 23 times and
consumed 15% methane, whereas under pure conditions (without ozone), consumption
was only 3%. Then, the thermal flame thickness was also calculated, using both the
experimental and numerical temperature profiles. The authors found, for both profiles,
that with ozone addition the flame thickness was reduced, with a higher effect under

stoichiometric conditions.
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Figure 1.2. Main reaction pathways at ¢ = 0.6 for: (a) CH4/Air; (b) CH,/Air/05. [39]

Similar results were obtained by Wang et al. [40], who measured a laminar flame
in a mixture of methane and ozonized air using a heat-flux burner, founding that the
laminar flame speed increases as the concentration of ozone increases. The authors also
conducted a sensitivity analysis, finding that ozone releases oxygen atoms in the
preheating zone, promoting early fuel oxidation, but without changing the methane
reaction pathways. Ji et al. [41] conducted experiments with ozonized methane-air
mixture in a constant volume combustion bomb, finding that the O atoms obtained from
ozone increased the concentration of active species, which promoted combustion, raised
the flame temperature and thus enhanced the laminar flame speed. Ji et al. [42] conducted
both experiments with a constant volume combustion bomb and simulations on the
Ignition Delay Time (IDT) to study the influence of ozone on the combustion of a lean
methane/air mixture. The numerical results showed that the time when the pressure peak
occurs advances with increasing ozone addition. Xie et al. [43], on the other hand, used
a Rapid Compression Machine to measure the IDT of a CH,/0,/03/Ar mixture and
found a reduction of IDT in the presence of ozone. Jiang et al. [44] conducted experiments
and simulations to study the effect of ozone on a methane/oxygen mixture in meso-scale
channels. In particular, they studied the flammability limits and the influence of ozone
concentration on the combustion process near the limits. The results showed that ozone
can extend the flammability limits and shift the combustion zone towards the inlet. In

11



addition, after mixing with 2.3% of ozone, the maximum outer wall temperature increased

by 30 K, with a greater effect at lower equivalence ratio.

Gao et al. [45] examined the effect of ozone on three different fuels: methane
(CH,), propane (C3;Hg) and ethylene (C,H,). Measurements were performed using a
Bunsen burner under different conditions of pressure and mixture composition.
Numerical simulations helped to understand the main reactions involving ozone and fuel
within the flame, as shown in Figure 1.3 for methane. The effect of 0zone begins with the

release of oxygen atoms in the preheating zone by
R16) O;+ N, 20,4+ 0 + N,,

which react with the fuel. For example, as shown in Figure 1.3(b), the rate of reaction of
CH, + 0 —» CH; + OH increased by 10.2% after ozone addition. This accelerated the
production of OH species, that reacts with fuel via CH, + OH — CH; + H,0. These
reactions promoted the production of CH; and, as a result, the product CH,0 increased.

As shown in Figure 1.3(a), another relevant reaction for ozone consumption was:
R1.7) O;+H 2 0, + OH,

which is a chain propagation or termination reaction and is unfavourable for laminar
flame speed. The reaction R1.7 is associated with the diffusion process of hydrogen
atoms, which tend to diffuse very quickly in the preheating zone. Since, with increasing
pressure, the dissociation of species containing H is suppressed, the diffusion and
concentration of H atoms from the pre-heating zone is reduced, so the authors found that
the reaction R1.7 is also suppressed and consequently the decomposition of ozone via

R1.6 becomes the dominant pathway for ozone consumption.
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Similar results were obtained for propane, while, in the case of ethylene, the
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effects of ozone on laminar flame speed were opposite. Gluckstein et al. [46] already
observed in 1955 a decrease in the laminar flame speed of ethylene with ozone addition
at room conditions, and they hypothesised that the reason was due to the production of
CH,0, but this explanation was inadequate since the laminar flame speed of CH,0 is
higher than that of C,H,. Pinchak et al. [47], on the other hand, found an increase in
laminar flame speed, at sub-atmospheric pressure, for ethylene with ozone addition,
attributing this effect to early heat release. An in-depth study to understand the effect of
ozone on the laminar flame speed of ethylene was conducted by Gao et al. [45]. The
authors found that at room conditions the laminar flame speed of ethylene with ozone
addition decreased due to ozonolysis reactions. As these reactions take place very fast at
room conditions, the ozone molecules and the ethylene molecules reacted during mixing,
dissipating heat and causing the decrease of the laminar flame speed, as shown in Figure
1.4. Conducting experiments by lowering the temperature of the reactants to 200 K, the
authors found a 5.7% increase in the laminar flame speed of ethylene with 3910 ppm
ozone addition. The increase in laminar flame speed was also found when operating at
sub-atmospheric pressure, which is consistent with a previous work [48], showing that,

at low temperatures or pressures, ozonolysis reactions are significantly reduced.
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Figure 1.4. Ozone effect on C,H, laminar flame speed at room conditions. [45]

Ozone was also used to investigate the possibility of flame stabilisation. Vu et al.
[49] carried out experiments with methane/air and propane/air mixtures, thus showing
that the addition of ozone was able to stabilise an initially unstable flame, due to an
increase in laminar flame speed. Similar results were also obtained by Zhang et al. [50],

finding that the flammability limits of syngas were extended with ozone addition. Weng

14



et al. [51], investigating the effect of ozone on a methane/air Bunsen flame, found an
increase in the concentration of formaldehyde (CH,0), which the authors link to flame
stability, when ozone was added, with a greater effect under rich mixture conditions. The

increase in formaldehyde was due to the reactions of the CH;0:
R1.8) CH;0+M 2 CH,0 + H+ M,

R1.9) CH;0 + 0, 2 CH,0 + HO,,

and the CH;0 radical is produced by the reaction:

R1.10) CH; + HO, 2 CH;0 + OH,

but with ozone addition CH;O is also produced by:

R1.11) CH; + 03 2 CH;0 + 0,,

as also shown by the reaction pathways in Figure 1.2. To understand the influence of
ozone on the production of CH;0, the authors conducted experiments by simply heating
the reactants (without flame) to limit the production of HO, and to inhibit the R1.10
reaction. The results showed that CH;0 was still produced due to the R1.11 reaction,
demonstrating that it is possible to produce formaldehyde at much lower temperatures

with ozone than in the case without ozone.

Ehn et al. [52] conducted Planar Laser-Induced Fluorescence (PLIF)
measurements on methane/air/ozone flames and saw an increase in formaldehyde
concentration with the addition of ozone, due to the acceleration of CH; + O 2 CH,0 +
H reaction. Sensitivity analyses also showed an extension of the extinction strain rate due
to the acceleration of the atomic oxygen reactions produced by ozone, indicating that 05
can sustain flame burning in more turbulent conditions than without ozone. Weng et al.
[51] also investigated the effect of ozone in turbulent CH,/Air flames. The authors
observed that, by adding the same amount of ozone as in the laminar case, CH,0
production was greater in the turbulent case, attributing this effect to the expansion of the
pre-heating zone and to turbulent transport, leading to an increased mixing between
burned and unburned gases. Khan et al. [53] investigated the effects of O3, H, CO and
Exhaust Gas Recirculation (EGR) addition to Haltermann gasoline by evaluating laminar
and turbulent flame speeds using spherically propagating premixed flames in a constant

volume combustion vessel. The authors found that for the stoichiometric mixture, the
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addition of 10% H,, 5% CO and 1000 ppm 05 resulted in an increase in laminar flame
speed of 80%. In addition, increasing the initial temperature and pressure of the mixture
resulted in a significant increase in laminar flame speed, suggesting that the ternary
additives suppress the pressure-reducing effect on laminar flame speed found at high
pressures with pure Haltermann gasoline. Reuter and Ombrello [54] conducted numerical
simulations in the counterflow twin premixed flame configuration to study the effect of
ozone addition on strained laminar flames under different ethylene/methane ratios,
pressures and initial temperatures. The results showed that ozone addition increased the
extinction strain rate more than the freely-propagating flame speed for all of the
conditions studied. Recently, the effect of ozone on flame ignition and propagation,
detonation and explosion limits for H,/0, mixtures was also investigated [55-58]. The
main conclusions were that ozone increased flame speed and influenced both reaction and

preferential diffusion, mainly due to the reaction of ozone with H: H + 0; 2 0, + OH.

Since ozone plays its role from the beginning of the oxidation process, by
influencing the Low-Temperature Chemistry (LTC), it was also used to induce the
formation of a cool flames. The study of LTC (below 1000 K), and thus of cool flames,
is particularly important in ignition timing, burning rate, burning limits, emissions and
engine knocking in conventional and unconventional combustion engines [59]. The low-
temperature ignition timescales can be comparable to the timescales of combustion
processes in engines, so understanding and controlling low-temperature ignition, cool
flames and the transition from cool to hot flames is a critical aspect for improving engine
performance. Cool flames are hardly stable because they depend on low-temperature
oxidation reactions, which have long induction times, avoiding radical chain branching.
Won et al. [60] used ozone to enhance low-temperature combustion and successfully
stabilized a n-heptane/0,/05; non-premixed cool flame in a counterflow burner. When
ozone was added, they successfully obtained a stable cool flame, as shown in Figure
1.5(a), proving that ozone addition is an effective way to ignite non-premixed cool flames

without the need to first sustain a hot flame.

Ozone, by releasing the oxygen atom via R1.6 reaction, enables direct access to the cool

flame branch, initiated the following low-temperature reaction pathways:
R1.12) C,H,s+ 0 2 C,H,5 + OH,
R1.13) C,H;s + OH 2 C,H,s + H,0,
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R1.14) C,Hys+ 0, 2 C,H,50,.

(a) Cool diffusion flame

g

(b) Hot diffusion flame

Figure 1.5. Direct photos of n-heptane: (a) ozone-activated cool diffusion flame; (b) normal
high temperature diffusion flame. [60]

Similar effects were also obtained by Brown and Belmont [61] who measured cool flame
propagation speeds using a broadband chemiluminescence-based lift-off height
technique. The authors found a linear increase in propagation speeds with increasing 05
concentrations. Reuter et al. [62] investigated the effect of ozone on n-alkanes (from n-
heptane to n-tetradecane). They compared cool flames generated in the presence of ozone
and cool flames “without ozone” (by turning off the 05 generator after the formation of
the cool flame). In both cases the cool flames were self-sustaining but with ozone addition
they were much more intense in terms of chemiluminescence, as shown in Figure 1.6 for

n -dodecane.
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Figure 1.6. Direct photographs of n -dodecane cool flames: (a) with ozone addition; (b)
without ozone addition. [62]

Liu et al. [63], on the other hand, investigated the effect of ozone on the cool flame and
the Negative Temperature Coefficients (NTC) region of a propane/oxygen mixture and
found that, with ozone, the cool flame occurs over a wider range of temperature, which

extends towards lower temperatures.

Yehia et al. [64] experimentally investigated dibutyl ether/oxygen/ozone flames.
They observed a self-sustaining low-temperature non-premixed warm flame, between the
cool flame and hot flame, at atmospheric pressure. However, simulations showed that
ozone played a different role between the different flame regimes: the hot flame was
insensitive to the presence of ozone due to the high concentrations of radicals and the
high heat release, whereas both the cool flame and the warm flame were sensitive to the
ozone addition due to the formation of useful radicals at low temperatures. To understand
the dynamics of near-limit steady-state cool flames and their relationship to hot flames,
Ju et al. [65] conducted numerical simulations of one dimensional premixed freely-
propagating dimethyl ether (DME) flames. The results showed that for freely propagating
flames, at an initial temperature of 300 K, purely hot flames were observed, whereas to
observe cool flames or the temperature of the reactants had to be increased to 530 K, or
05 had to be added to the reactants. Between the two possibilities, the addition of ozone

increased the reactivity of the flame more significantly than simply heating the reactants.

Reuter et al. [66] conducted experiments at atmospheric pressure with a
counterflow burner to investigate premixed flame regimes in DME/0, /05 ultra-lean
mixture. The ozone-assisted counterflow burner setup was successful in establishing self-
sustained premixed cool flames, as shown in Figure 1.7(a), and conducting CH,0 PLIF

measurements, the authors observed that the cool flame’s CH,0 signal profile is
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significantly thicker than that of the hot flame, as shown in Figure 1.7(c) and Figure
1.7(d). However, in contrast to the cool n-heptane diffusion flames obtained by Won et
al. [60], ozone was absolutely necessary for the premixed cool flame, at the experimental
conditions used, to remain self-sustained. Indeed, by carrying out path flow analyses, the
DME fuel molecules feeding the cool flame were almost always (>96%) decomposed
through H-abstraction reactions by O or OH-radicals. O radicals were almost exclusively
(>97%) produced by ozone molecules, while 42% of OH radicals were produced by
reactions involving O or OH. For these reasons, the cool flame extinguished immediately

if the ozone generator was switched off.

e el

Figure 1.7. Images of: (a) cool flame; (b) hot flame; (c) cool flame CH,0 PLIF; (d) hot
flame CH,0 PLIF. [66]

1.2 Ozone in internal combustion engines

Since ozone is able to modify ignition timing, accelerate and stabilise the flame,
it could influence several performance parameters of Internal Combustion Engines
(ICEs), such as ignition timing control, heat release rate, operating range, pollutant

emissions. Therefore, ozone-assisted combustion within internal combustion engines
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may have different scopes depending on the engine technology considered. For this
reason, the main aspects that characterise the different engine technologies, both
conventional and unconventional, are first discussed, and then the state of the art on the

use of ozone in internal combustion engines is presented.

1.2.1 Conventional and unconventional combustion engines

One of the historical classifications of internal combustion engines concerns the
technology with which combustion occurs. There are two dominant modalities of
combustion in internal combustion engines and therefore they characterise the so-called
“conventional combustion engines”: Spark Ignition (SI) engines based on Otto cycle, and
Compression Ignition (CI) engines based on Diesel cycle.

In traditional Spark Ignition (SI) engines, well-mixed, near-stoichiometric fuel/air
mixture is ignited by a spark plug. The fuel used is gasoline, which is injected within the
intake pipe upstream of the intake valve, therefore this technology is called Port Fuel
Injection (PFI). The mixture of vaporised fuel and air is aspirated into the cylinder during
the engine's intake stroke and then compressed. A spark plug ignites the mixture and a
turbulent flame propagates from the ignition site towards the walls of the combustion
chamber, as shown in Figure 1.8. The equivalence ratio is near to stoichiometric for
several reasons, including increasing performance, reducing pollutant emissions from
combustion and ensuring efficient exhaust gas post-treatment. Carbon monoxide (CO)
emissions increase with equivalence ratio, due to fuel-rich mixtures leading to incomplete
combustion. Emissions of unburnt hydrocarbons (UHCs) are lower with a slight excess
of air (fuel-lean mixture), but for excessively low equivalence ratios UHCs increase
considerably due to the reduced flammability of the mixture. The main sources of these
emissions are the crevices between the piston and cylinder and the flame quenching layer,
where the flame is extinguished by cold boundaries. NO, production, on the other hand,
depends on several factors, the most important of which is temperature, which leads to
the dissociation of molecular oxygen and nitrogen in the air. For this reason, nitrogen
oxides increase significantly with increasing flame temperature, but NO, concentrations
also depend on the flame propagation speed: lower flame speeds in lean mixtures allow

more time for NO, formation reactions to take place [67,68]. For these engines, it is very
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important to avoid knocking phenomena, which could occur when pockets of unburned
mixture (End Gases) auto-ignite before the flame reaches them. In this case there are very
rapid and irregular increases of in-cylinder pressure, which could lead to structural
damage of the engine. To avoid these undesired auto-ignitions, fuel with a high-octane
number is used and the compression ratio is deliberately limited, which also restricts
engine efficiency. In addition to the compression ratio, efficiency in Spark Ignition
engines is influenced by the flame temperature and flame propagation speed, which
determine the in-cylinder pressure and pollutant emissions.

Intake Exhaust

Valve Valve
Spark

Plug

Figure 1.8. Schematic illustration of the combustion process in a traditional Spark
Ignition engine. PTF= Premixed Turbulent Flame, EG=End Gases. [71]

An additional drop of efficiency is due to the loss of pressure through the throttling
valve required to control the air flow. One strategy to increase the efficiency of Spark
Ignition engines is to inject the fuel directly into the chamber to eliminate throttle losses,
and therefore these engines are called Direct Injection Spark Ignition (DISI) engines. The
direct injection of fuel, which vaporises in the cylinder, reduces the knock potential and
allows the use of slightly higher compression ratios than in PFI engines. However, a
stratified mixture is produced in the cylinder, with a higher equivalence ratio near the
injector and lower near the walls, with emissions also depending on the size of fuel
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droplets that could impinge the walls causing high concentrations of UHCs and soot
[69,70].

In traditional Compression Ignition (CI) engines, only air is aspirated and
compressed, while fuel (diesel) is injected as a fine spray inside the combustion chamber,
where it vaporises and mixes with the gases at high pressure and temperature (air and
recirculated burned gases). With this strategy, there is no risk of knock and therefore
higher compression ratios are used than in Spark Ignition (SI) engines. The in-cylinder
fluid dynamics and injection pressure control the mixing of fresh gases with fuel, then the
mixture auto-ignites where the equivalence ratio is close to stoichiometric generating a

diffusive flame [67,68], as shown in Figure 1.9.

Intake Exhaust
Valve Valve

Fuel
Injectors

Figure 1.9. Schematic illustration of the combustion process in a traditional Compression
Ignition engine. NPF= Non-Premixed Flame. [71]

Once ignition has occurred and combustion of the premixed charge has initiated,
the flame propagates towards the centre of the spray where it finds larger fuel droplets.
These receive heat from the flame front, evaporate quickly and the vapours diffuse into
the surrounding air. Many droplets, especially those in the jet centre, are surrounded by
the flame front while still liquid. It is important that the fuel droplets vaporise and mix
quickly with the air to reduce soot emissions. The amount of premixed charge that is

formed influences the pressure rate and its maximum value. In addition, the mixture must

22



burn quickly enough to avoid emissions of unburned hydrocarbons (UHCs). The fuel
molecules located in the spray centre are in a high oxygen deficit, but before they are
diluted, they are heated up to flame temperature by the combustion process that takes
place around them leading to high soot emissions. Later, when the fuel vapours are
diluted, and are in a near-stoichiometric condition, they burn, but the temperature has
reached such high values (T > 2500 K) that it leads to high NO, production [67,68,71].
For this reason, diesel engines are equipped with a particulate filter and NO, trap or
Selective Catalytic Reduction (SCR) devices.

With a focus on improving fuel economy and limiting pollutant emissions, several
innovative forms of combustion were experimented in recent years, which attempt to
combine the benefits of Spark Ignition (SI) engines with those of Compression Ignition
(CI) engines, trying as far as possible to reduce the negative aspects of both technologies.
In most cases, these unconventional engines are based on Low Temperature Combustion
(LTC) techniques [72,73,74]. Some of the most promising technologies, which could also

be enhanced by the use of ozone, include:

e Homogeneous Charge Compression Ignition (HCCI);
e Premixed Charge Compression Ignition (PCCI);
e Partially Premixed Compression Ignition (PPCI);

e Spark Assisted Compression Ignition (SACI).

Since PCCI, PPCI and SACI technologies actually derive from HCCI in an attempt to
overcome its operational and control limitations, the operations of HCCI combustion

engines will be described in more detail below.

Homogeneous Charge Compression Ignition (HCCI) combustion engines are
positioned in between Compression Ignition (CI) and Spark Ignition (SI) engines, since
they meet the main advantages of both combustion strategies (i.e., the high
thermodynamic efficiency typical of Cl engines, due to their high compression ratios, and
the low emissions typical of SI engines). Specifically, HCCI engines are characterized by
a quasi-constant volume combustion, and exploit the benefits of a charge composed by a
highly diluted fuel vapor/air mixture. Fuel can be either indirectly or directly injected into
the combustion chamber. Then, the fuel/air mixture is compressed until auto-ignition
occurs at several locations in the combustion chamber, as shown in Figure 1.10. In this

way, the main benefit of HCCI is achieved, namely low soot and low NO, emissions
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when compared with conventional engines. Indeed, the combustion temperature is
relatively low in HCCI engines, thus avoiding the formation of thermal NO,. Soot
formation, on the other hand, is strongly restrained due to the use of a highly diluted
fuel/air mixture. Moreover, such a poor mixture provides a condition to avoid detonation,

especially for gasoline, since a very fast Heat Release Rate (HRR) occurs [74,75,76].

Intake Exhaust
Valve Valve

. B

. »
Premixed fuel-air mixture

.

Figure 1.10. Schematic illustration of the combustion process in a Homogeneous Charge
Compression Ignition Engine. IK= Ignition Kernels. [71]

A very important issue with HCCI engines is the control of the combustion phasing. In
Sl engines, the combustion process is easily controlled by a spark ignition timing,
whereas, in Cl engines, such a process is controlled by the fuel injection timing. In HCCI,
auto-ignition and the entire combustion process are mainly governed by both the
turbulence/chemistry interaction and complex chemical kinetics. Specifically, Kinetics is
influenced by several factors [77-79], such as mixture composition and temperature [80],
which in turn are related to fuel properties, equivalence ratio, amount of EGR [81,82],
wall heat transfer, combustion chamber geometry [83-85] and lubricant oil contamination
[86]. The control and optimization of all these factors are challenging questions that limit
the production of HCCI engines on a large scale. In particular, the main limitations
concern:
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the control of the auto-ignition timing and heat release rate;

the narrow engine operating range. Under high loads, high pressure peaks caused
by the instantaneous combustion could lead to structural damages of the engine.
At low loads, it is cumbersome to keep the engine running, due to the highly
diluted mixture;

the sudden rise in pressure due to a large number of quasi-simultaneous ignition
spots in the combustion chamber, which can cause high noise or even structural
damage;

the non-perfect homogeneity of the charge. In order to obtain low pollutant
emissions and an excellent fuel economy, a good charge homogeneity is
requested. Thus, the Port Fuel Injection (PFI) strategy is beneficial to increase the
time duration for mixing between fresh air and fuel. However, in this case, it is
necessary to operate at low loads and under Low Temperature Regime (LTR)
conditions with very lean mixtures, leading to an increase of Unburnt
Hydrocarbons (UHCs) and CO. In addition, it is difficult to extend the engine
speed range, which would depend solely on the characteristics of the mixture and
on the thermo-fluid-dynamic parameters. On the other hand, direct injection
provides an improvement of the control on combustion (in particular on the auto-
ignition time), but with a less homogeneity of the charge and consequences on
combustion quality and emissions, especially in terms of soot and NO,;

the high emissions of UHCs and CO, which are typically high both because the
mixture is far from stoichiometric conditions and because the Low Temperature

Combustion (LTC) reduces the conversion of CO to CO,.

Several strategies were accomplished and are being studied to address all of these issues.
The engine Compression Ratio (CR), the intake gas mixture temperature and the EGR
need to be properly adjusted to improve the control over the combustion process. For
instance, by reducing the CR, the auto-ignition timing is delayed, and therefore a wider
time interval for fuel injection is available that will improve the charge homogeneity
before auto-ignition [87]. As regards the intake gas mixture temperature, an increase in
the charge temperature provides a decrease in the ignition delay. The sensitivity to this
parameter mainly depends on the equivalence ratio and on the type of fuel, with
consequences on emissions [80,88]. Wide load conditions are highly dependent on HRR,

which may be either too slow or too fast to lead to knock. One approach to limit HRR is
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the use of a mixture temperature stratification within the combustion chamber [89]. With
this strategy, the reactions occur at different rates and time instants, and therefore the
combustion rate slows down as well as the pressure rise rate, which extends the engine

operating range [90-92].

Premixed Charge Compression Ignition (PCCI) and Partially Premixed
Compression Ignition (PPCI) are very close to the combustion occurring in CI engines
and are based on HCCI combustion with the objective to have more control on the Start
of Combustion (SOC). As discussed above, in an HCCI engine operating with a perfectly
homogeneous charge, it is difficult to have control on the combustion process, as it is
governed by the quasi-simultaneous auto-ignition of several spots within the chamber that
cause a very fast heat release. Differently from the HCCI mode, PCCI and PPCI
combustions use a charge that is not perfectly homogeneous. The combustion process is
controlled by delaying the auto-ignition timing of the mixture through the massive use of
EGR and by using an appropriate high-pressure fuel injection strategy (one or more
injection events) that promotes rapid mixing in the chamber. This results in a more
homogeneous mixture than that of traditional CI engines that will burn in premixed or
partially premixed mode, extending and distributing the reaction zone and reducing the
flame temperature as in HCCI mode, leading to a reduction of soot and N O, with respect
to conventional Compression Ignition (CI) engines, as shown in Figure 1.11 where the
emissions of the main Cl combustion technologies are given [93,73,94,71]. There are
different injection strategies. Early injection promotes air/fuel mixing by giving the
charge more time to tend towards homogeneity, leading to a reduction in soot and NO,.
However, some of the fuel may deposit on the walls resulting in increased UHCs and CO.
Delaying injection, on the other hand, returns to conventional CI combustion, which is
useful when operating with high loads. Another approach is to use dual injection: the first
is an early injection to obtain a mixture that is as homogeneous as possible and to have a
lower temperature when the piston approaches the Top Dead Center (TDC), then a late
injection is carried out to control combustion. In fact, the fuel-rich area of the late
injection burns earlier than the fuel-lean homogeneous mixture, so simultaneous ignition

spots within the charge are avoided, resulting in an improved control on heat release.
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Figure 1.11. Plot of local equivalence ratio as function of flame temperature with different
combustion strategies. [73]

Spark Assisted Compression Ignition (SACI) engines are based on HCCI
technology, except that a spark plug is used to control the ignition timing. The spark
produces a flame that consumes a portion of the charge by releasing energy. The
propagation of the flame increases the temperature in the surrounding charge, anticipating
auto-ignition. Essentially, in this kind of engine, combustion begins as in a Spark Ignition
(SI) engine, with the flame propagation phase limiting the Heat Release Rate (HRR),
while auto-ignition by compression quickly completes combustion. This mode limits the
rate of in-cylinder pressure rise typical of an HCCI engine while maintaining high thermal
efficiency and low NO, emissions [95,96,97]. In order to maintain appropriate reaction
rates, high dilution charge is required, but this could lead to problems for the spark
ignition phase. Due to the slow flame propagation rate in a highly diluted mixture, the
reactions in the flame front are strongly influenced by the temperature of the End Gases
[98]. The difficulty in producing stable flame fronts in ultra-lean conditions results from
the lack of time for the reaction front to achieve stable propagation before auto-ignition
[99].
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1.2.2 Ozone in Compression Ignition (Cl) engines

One of the early studies investigating the use of ozone within Compression
Ignition engines was that of Tachibana et al. [100], using a Cooperative Fuel Research
(CFR) diesel engine. Based on these results, the researchers began to consider ozone as a

way to control the auto-ignition timing and as a way to assist cold starting.

Nishida and Tachibana in [101] investigated the possibility of using ozone to
control the auto-ignition timing in an HCCI engine by conducting both experimental and
numerical analyses. The numerical results encouraged the use of ozone for this purpose,
showing that it was possible to change the auto-ignition timing in relation to the ozone
concentration, as shown in Figure 1.12. Furthermore, the authors found that the ozone
addition to the mixture was more efficient than the addition of OH-radicals and was
comparable to the addition of oxygen atoms. Experiments have also given similar results:
with the addition of 1200 ppm ozone, the auto-ignition timing advanced by approximately

18 Crank Angle Degrees (CAD).
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Figure 1.12. Calculated ignition process in HCCI for different ozone concentrations. [101]

Similar results were also obtained by Foucher et al. [102], who studied the effect of ozone
in an n-heptane-fuelled HCCI engine and observed that 50 ppm addition of 05 was able
to anticipate ignition by about 15 CAD. Masurier et al. [103] investigated the use of ozone
for the control of HCCI engines powered with alcohol fuels and found that ozone is useful

to control combustion phasing and to improve combustion. Yamada et al. [104]
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investigated the addition of different additives in a mixture with DME as fuel operating
in an HCCI engine, finding that ozone in addition to anticipating the auto-ignition timing

reduced the ignition temperature of the cool flame.

Masurier et al. [105] considered different Primary Reference Fuels (PRFs), from PRFO
to PRF100, and carried out experiments on a single cylinder of an HCCI engine powered
with a mixture of PRF and ozonized air. The results showed that ozone promotes the
formation of the cool flame and advances the entire combustion process. Masurier et al.
[106], also evaluated the effect of different oxidising species, i.e. nitric oxide, nitrogen
dioxide and ozone, within an iso-octane fuelled HCCI engine and found that ozone was
the species that most advanced and accelerated combustion resulting in an advance and
an increase in the maximum in-cylinder pressure, as shown in Figure 1.13. The authors
also considered the performance of the HCCI engine in the case of simultaneous injection
of oxidising chemical species. Specifically, 47 ppm NO was fixed in the chamber, while
the ozone concentration was varied. The results showed that the only addition of nitrogen
monoxide anticipated auto-ignition. By adding also ozone, first a delay was obtained and
then, by increasing the ozone concentration to values comparable to those of NO, an
advanced combustion phase was again achieved. These trends were due to the interaction
between NO and 05 via the reaction R1.3) NO + 05 2 NO, + 0,, through which ozone
and nitrogen monoxide react directly, producing NO,, which is the species that has the
minor effect on combustion, as also shown in Figure 1.13. Masurier et al. [107] focused
their attention on the HCCI engine with regard to the addition of ozone alone, varying
both the ozone generator supply gas and the method of injecting ozone in the combustion
chamber. The results showed that the best conditions were achieved when the ozone
generator was supplied with pure oxygen. However, despite the oxygen contained in air
is five times lower, the ozone produced by using air was high enough to observe an impact
almost similar to that with a pure oxygen supply. The authors also compared the case of
injecting ozone into a plenum placed on the intake duct, where iso-octane and air were
also supplied to produce a perfectly homogeneous mixture, with the case of injection into
the intake duct directly. No differences were found between the two injection modes in

terms of effects on the combustion process, probably because in both cases the fluid
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dynamics inside the cylinder produced a perfectly homogeneous distribution of ozone as

in the case of plenum injection.
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Figure 1.13. In-cylinder pressure and heat release rate without any oxidants and with 20
ppm of each oxidant separately injected. [106]

Pinazzi and Foucher [108,109] investigated the effect of ozone in a diesel engine
operating in Partially Premixed Compression Ignition (PPCI) mode with direct gasoline
injection of a commercial gasoline 95 RON (Research Octane Number). Experimental
campaigns were conducted by investigating different injector geometries, different
injection strategies and different gasoline Start of Injection (SOI). The authors found that
in the case of single fuel injection, ozone had a greater impact on the engine performance
if fuel injection was advanced, because, without fuel, ozone decomposes during
compression, producing oxygen atoms, which then recombine into oxygen molecules.
Using a double injection, the first at the beginning of the intake stroke, to maximise the
residence time of ozone with fuel, and the second to control the combustion phase,
analyses were carried out by varying ozone concentration. The authors found that the
intake temperature, which should be high enough for gasoline auto-ignition and low-load
operation, can be progressively reduced with the addition of ozone, resulting in a

significant energy efficiency in heating the intake air, as shown in Figure 1.14.
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Figure 1.14. Intake temperature as a function of the intake ozone concentration. [109]

Seignour et al. [110] conducted experiments using an ultraviolet light absorption
diagnostic to understand the effects of certain parameters and species on ozone
decomposition in an HCCI engine. They found that iso-octane and water vapour had a
greater effect on ozone decomposition. Seignour et al. [111] examined ozone-assisted
combustion in an HCCI engine comparing hydrogen with isooctane. Analyses were
conducted on the effect of intake pressure, intake temperature and ozone on combustion for
both fuels. They found that ozone had the greatest impact, which was also used to shift the

combustion region of isooctane in order to make a valid comparison between the two fuels.

Other studies examined the use of ozone in Spark Assisted Combustion Ignition
(SACI) engines [112,113]. Biswas and Ekoto [112] have investigated the effect of ozone
on the performance and emissions of a lean SACI engine. They found that ozone addition
stabilised combustion compared to the case without O, increasing the reactivity of the end
gases. Ozone addition extended the SACI operating range and was more advantageous at

lower engine speeds due to the longer residence time for heat release.

1.2.3 Ozone in Spark Ignition (SI) engines

Compared to Compression Ignition engines, only few studies have investigated the
use of ozone in conventional Spark Ignition (SI) engines. Gong et al. [114,115] carried out
numerical investigations of an ozone-assisted, methanol-fuelled Direct Injection Spark
Ignition (DISI) engine. The results showed that the maximum in-cylinder pressure
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increased with increasing ozone addition for both cold start and steady state modes. In
addition, they found that ozone was able to reduce emissions of both formaldehyde and

unburnt methanol with a stronger effect under cold engine start.

Golke et al. [116] tested the addition of ozone as an ignition enhancer for increased
de-throttling to reduce part-load pumping losses in a Spark Ignition (SI) engine. The
authors conducted an experimental investigation of efficiency and emissions in a
turbocharged direct-injected engine. Different concentrations of ozone in the intake air
were used to overcome the limitations of low-load operation. The results showed that it
was possible to increase the gas exchange efficiency with ozone addition by promoting
de-throttling operation with residual gases. In addition, ozone showed the potential to
promote combustion even at low compression ratio and residual gas fraction higher than
30%.

In addition to the intake of an air/ozone mixture, it is possible for ozone to be
produced in the cylinder: this is the case of Plasma Assisted Combustion (PAC). In spark
ignition (SI) engines, the growth of the initial spark kernel significantly influences the
emissions characteristics and lean burn limit. In order to improve the ignition of Spark
Ignition engines, the idea is to replace or integrate the conventional spark plug with devices
generating plasma, such as microwave, gliding arc or NanoSecond pulsed Discharge
(NSD). Due to its properties, plasma interacts with combustion in several ways, among
which the most important pathways are thermal, kinetic, and transport [117], shown in
Figure 1.15. The production of ozone results from the kinetic pathway: the plasma,
produces high-energy electrons and ions, which produce active radicals, ions, electronically
and vibrationally excited molecules, catalytic intermediate species and long-lifetime
reactive species including O5. Several studies [118,119,120] on plasma activation in SlI
engines have shown that the operating range of the engine is extended towards leaner
mixtures, with increased fuel efficiency and CO reduction [121], thus allowing to work in

intermediate conditions between HCCI and traditional SI.
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Figure 1.15. Schematic diagram of the main pathways of plasma-assisted combustion. [117]
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2. Chapter 2: The models

2.1 Mathematical models

In a numerical investigation, the results obtained are the consequence of the
particular mathematical models used, which cannot be separated from the knowledge of
the specific problem to be studied. The equations to be solved, in fact, may be more or
less complex depending on both the types and the level of detail of the physical
phenomena considered. In this chapter the chemical kinetics of hydrocarbons combustion
will be summarised and the reaction kinetic mechanisms used will be introduced, with a
focus on the ozone kinetic sub-mechanism. Then, the governing equations of the

phenomena studied will be described.

2.1.1 Hydrocarbons combustion and reaction Kinetic mechanisms

2.1.1.1 Hydrocarbons combustion

Combustion, even of a simple hydrocarbon such as methane (CH,), is described
by a very complex reaction mechanism involving a large number of different species and
reactions that increase with the complexity of the fuel composition. For a hydrocarbon,

the general combustion reaction is:
R2.1) CiH, + (x +2)0, — xCO +2 H,0.

The global combustion reaction, however, only provides approximate estimation of the heat
released and changes in composition, but cannot provide accurate information on the
oxidation processes of intermediate species, which are crucial for the formation of

pollutants and, in this case, for understanding the interaction with oxidants such as ozone.

In Internal Combustion Engines (ICEs), the pressure, and consequently the
temperature, already change during the compression stroke of the engine, without
combustion initiating. For this reason, it is useful to describe which reactions are involved

in the various temperature ranges (defined by the properties of the specific fuel), i.e. the
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Low Temperature Combustion (LTC) regime, the Negative Temperature Coefficient
(NTC) regime and the High Temperature Combustion (HTC) regime [122-124,59].

Combustion in the Low Temperature Regime (LTR) involves an abstraction of H
atoms from the fuel through the following initiation reaction, which generally takes place
at temperatures below 800 K:

R2.2) RH+ 0, — R + HO,,

where RH is the fuel considered and R is an alkyl radical. The alkyl radical then reacts
with other molecular oxygen to produce an alkylperoxyl radical (RO,), via reaction R2.3,
which contributes to the beginning of a chain branching. Then, RO, isomerizes into
hydroperoxyl-alkyl radical (QOOH) with R2.4, i.e. an H atom is transferred from carbon

atom to O0,:
R2.3) R+ 0, — RO,,
R2.4) RO, — QOOH.

The hydroperoxyl-alkyl radical (QOOH), depending on its size and structure, is consumed
via four different propagation reactions leading to the production of stable species (olefin,
cyclic ether or carbonyl) and hydroperoxyl (HO,), hydroxyl (OH) or peroxy-
hydroperoxyl-alkyl (0,QO00RH) radicals:

R2.5) QOOH — olefin+ HO,,

R2.6) QOOH — cyclic ether + OH,

R2.7) QOOH — olefin + carbonyl + OH,
R2.8) QOOH + 0, — 0,Q00H.

The R2.8 reaction, which is similar to R2.3, is responsible for the formation of the cool
flame chain branching reactions. The subsequent decomposition of 0,QO00H produces
ketohydroperoxide (0Q'O0H) and an OH radical via reaction R2.9, then 0Q'0O0H
decomposes to form a ketoalkyloxy radical (0Q'0) and another OH radical through
reaction R2.10:

R2.9) 0,Q00H — 0Q'00H + OH,

R2.10) 0Q'00H — 0Q'0 + OH.
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The two OH molecules continue the oxidation of the fuel through the reaction:
R2.11) RH+X — R+ XH,

where X is a radical (mainly OH and HO,) and XH is a stable species (H,0 and H,0,) in

this temperature regime.

The Low Temperature Regime (LTR) is followed by a Negative Temperature
Coefficient (NTC) regime, which is characterised by a reduction in reactivity while the
temperature increases. In this range, the reaction rates change and the reaction pathways
are altered: the production of QOOH decreases and the R2.5 reaction dominates the R2.8
reaction, so the chain branching, which leads to heat release, is broken. Specifically, the
R2.3 reaction is replaced by the reaction:

R2.12) R+ 0, — olefin + HO,.

The R2.5 and R2.12 reactions result in significant HO, production, while OH radicals are
mainly consumed by R2.11. As a result, the formation of OH is interrupted and HO,,
which is a less reactive species than OH and does not lead to exothermic reactions, reacts
with the fuel through R2.11 and with itself through R2.13, producing H,0,, which is a

stable species in this temperature regime that limits reactivity.
R2.13) HO, + HO, — H,0, + 0,.

The continuous temperature increase leads to new changes in the reaction
pathways and results in the High Temperature Regime (HTR). In this regime, the bonds
of the previously formed H,0, are broken, producing two OH molecules resulting in a

strongly increased reactivity:
R2.14) H,0,+ M — 20H + M.

OH radicals oxidise the fuel and lead to the formation of more OH radicals following the
R2.11-2.14 pathway. The large amount of OH and the reactivation of chain branching
lead to an exponential increase in temperature and reactivity. When the temperature is

high enough, additional OH radicals are produced by the reactions:
R2.15) H+ 0, — 0 + OH,

R2.16) H,+ 0 — H + OH,
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R2.17) H,0 + 0 — 20H,

while the fuel and other species decompose into smaller species. Finally, OH radicals
consume all the fuel via the R2.11 reaction, and then contribute to the production of the

final products.

2.1.1.2 Reaction kinetic mechanisms

Four different reaction mechanisms are employed. The first one refers to the
oxidation of methane [125], whereas the other mechanisms refer to the oxidation of iso-
octane [126,127,123]. The reaction mechanism of Cai & Pitsch [127] also accounts for
NO, formation, whereas the Saxena sub-mechanism for NO, [128] is added to the
remaining mechanisms. Moreover, all the mechanisms are modified by adding the ozone

sub-mechanism proposed by Halter et al. [39] and given in Table 2.1.
The resulting mechanisms are:

e “CurranModif” for iso-octane with 889 species and 3866 reactions
[123,128,39];

e “Cai&PitschModif” for iso-octane with 340 species and 1707 reactions
[127,39];

e “YooModif” for iso-octane with 187 species and 931 reactions
[126,128,39];

e “GRI3.0Modif” for methane with 54 species and 342 reactions
[125,128,39].

Both detailed and reduced mechanisms are used for iso-octane oxidation. The most
detailed mechanism [123] is used to infer the chemical phenomena involved in
combustion with ozone addition. However, this mechanism may not be adequate for the
analysis of multi-dimensional fluid-dynamic problems within a practical computational
time. Hence, it is also important to test the accuracy of skeletal [126] and reduced [127]

mechanisms to predict the main features of ozone-assisted combustion.
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Eq,

Table 2.1. Ozone kinetic sub-mechanism [39]. kg, = C,Thre &t .

N. Reaction C, Br E, Ref.
[cal/mol]
1 O;+N,->0,+0+ N, | 4.00E+14 0 22667 [129]
2 O,+0+N,—->0;+N, |160E+14 | -04 -1391 [129]
3 0;+0,-0,+0+0, | 154E+14 0 23064 [129]
4 0,+0+0,-0;+0, |326E+19 | -21 0 [129]
5 03+0;-0,+0+0; | 440E+14 0 23064 [129]
6 0,+0+0;-0;+0; | 167E+15 | -05 -1391 [129]
7 O;+H 2 0,+0H 8.43E+13 0 934 [130]
8 0;+020,+ 0, 4.82E+12 0 4094 [131]
9 03 +0H 2 0, + HO, 1.85E+11 0 831 [132]
10 | 03 + HO, 2 0, + OH + 0, | 6.02E+09 0 938 [129]
11 0s; + H,0 2 0, + H,0, | 6.62E+01 0 0 [133]
12 O3 + CH; 2 0, + CH;0 | 3.07E+12 0 417 [134]
13 03 +NO 20, + NO, 8.43E+11 0 2603 [131]
14 O;+N 20,4+ NO 6.03E+07 0 0 [134]
15 Os;+H20+HO0, 4.52E+11 0 0 [135]
16 O3 +H, 2 0H +HO, 6.00E+10 0 19840 [136]
17 | O3+ CH, 2 CH3;0 + HO, | 8.13E+10 0 15280 [136]

For the ozone sub-mechanism, the one by Halter et al. [39] was chosen both
because it is the most commonly used coupled to hydrocarbon mechanisms and because
many other sub-mechanisms are based on that, with at most minor modifications
[10,40,45,102,105,106]. Indeed, the mechanism of Wang et al. [40] includes the same
reactions and constants as the one considered. The difference between the two
mechanisms consists of the exclusion of the reaction between methane and ozone in Wang
et al. [40], because direct reactions between saturated hydrocarbons and ozone occur very
slowly [30,31]. The most recent mechanism by Sun et al. [10], also employs the reactions
and constants of Halter et al. [39] but also considering ozonolysis reactions, which are
not of interest for the cases of the present work. As can be seen in Table 2.1, reactions
involving ozone include: ozone decomposition and production reactions (03 + M 2
0, + O + M), ozone oxidation reactions (O3 + X 2 0, + X0) and hydroperoxyl
radical (HO,) production and consumption reactions (0O; + XH 2 HO, + product).
Although direct reaction of ozone with methane is generally considered negligible, it has

been included in the mechanism. The reactions of ozone with H and OH species, that play
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a key role during combustion, are included. In addition, the reaction between 05 and H,0
is also included due to the branching generation of OH through H,0,, as discussed in the

previous paragraph.

2.1.2 Governing equations for Laminar Flame Speed (LFS)

calculation

Laminar Flame Speed (LFS) is a physical-chemical property of a given premixed
fuel-oxidizer mixture and depends on the thermo-dynamic conditions (pressure and
temperature) and on the diffusivity and exothermicity of the mixture. The LFS provides
a measure of the reactivity of the mixture and is used to characterise the combustion of
various fuel-oxidizer combinations and to determine flammability limits. It is also used
to validate kinetic reaction mechanisms, since it plays a key role in combustion systems,
such as gas turbines, furnaces and Internal Combustion Engines (ICEs), because it has a
direct impact on efficiency, Heat Release Rate (HRR) and pollutant emissions. The
interest in quantifying the premixed laminar flame speed of various mixtures with
different fuels and under different operating conditions has led to many experimental and
numerical works in the literature [137] and to the development of several experimental
techniques [138-140,39]. Based on experimental evidence, various correlations for the
LFS have been developed for different mixtures [141-143]. From the numerical point of
view, several one-dimensional models have been developed [144,145] to analyse the
chemical progress of the mixture composition, the heat and mass diffusion and the
influence of various parameters (pressure, temperature, equivalence ratio, dilution, etc.)
on the LFS. Among hydrocarbon fuels, the most widely investigated is methane
[139,146,147]. However, due to their importance for many combustion systems,
especially for ICEs, gasoline surrogates, such as iso-octane and Primary Reference Fuels
(PRFs), have also been extensively taken into consideration [148]. Davis and Law [149]
compared the LFS of hydrocarbons from C1 to C8, showing that the LFS of such alkanes
was similar for all the equivalence ratios under consideration, with the exception of

methane, which is characterized by lower values.
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From a mathematical aspect, the calculation of the LFS involves a resolution of a
system of differential governing equations of a one-dimensional, freely propagating flame

under steady-state conditions.
The governing equations read

Continuity equation:

M = pud, (Eq2.1)
Energy equation:
.dT 1 d dT
Ma—ga( ) Zpyvdlflcpl Zwlh W; =0, (Eq2.2)
Chemical species equation:
.dy; d . .
Md—x‘ + a(pAYinif'i) —AoW; =0, i=1,..,N, (Eq2.3)
Equation of State:
pW
=— Eq2.4
p="r (Eq2.4)

where x is the spatial coordinate, M is the mass flow rate, p is the mass density, u is the
fluid mixture velocity, A is the cross-sectional area of the stream tube enclosing the flame,
T is the temperature, ¢, and ¢, ; are the constant pressure specific heat of the mixture and
of the i-th chemical species, respectively, A is the thermal conductivity of the mixture, Ny
is the number of gas species, Y; is the mass fraction of the species i in the mixture, Vy; s ;
is the diffusion velocity of the species i, w; is the molar rate of production/consumption
by chemical reactions of the i-th species per unit volume, h; is the specific enthalpy of
the i-th species, W; is the molecular weight of the i-th species and W is the mean

molecular weight of the mixture, p is the pressure and R is the universal gas constant.

The net chemical production/consumption rate depends on all reactions involving

the i-th species. Specifically, a generic chemical reaction can be written in the form:

Ng Ng
vz Y v, (Eq2.5)
i=1 i=1
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where v; . and v;). are the stoichiometric coefficients in the reaction r of the reactant and
produced species i respectively, and Z; is the generic chemical species. For the law of

mass action, it is possible to write w; as:

Ny
b= ) (Vip = vir)ar (Eq2.6)
r=1

where N,. is the number of reactions and g, is the rate of progress variable for the reaction

r computed as:

Ng N
r = ke n[xj]”” — kpy ﬂ[xj]”ff (Eq2.7)
j=1 j=1

where k- and ky, - are the forward and backward rate constants of the reaction r and [X;]
is molar concentration of the species j. In reactions that require the 'third body' to occur
(typically in dissociation and recombination reactions), the concentration of the third

body must be taken into account, so Equation Eq2.7 is modified as follows:

N Ny Ny
a = D (@] ) ke | 160" =k | 06T (Eq28)
j=1 j=1 j=1

where a; ,- is the third body efficiency of the species j in the reaction r.

The forward rate coefficients, k., are assumed to have the Arrhenius temperature

dependence:

—Eq,

ki, = C.TPreRT, (Eq2.9)

where C,. is the pre-exponential factor, B, is the temperature exponent and E,_ is the
activation energy related to the reaction r. The backward rate constants k,, .. are related to
the forward rate constants through the equilibrium constants in concentration units K, ,.

_ ke

kb,r K )
c,r

(Eq2.10)

and K, . is related to the thermodynamic properties through:
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Ns
P ¢ Zi=1(vi,r_ i,r)
Kr =Ky, <_;7{n) , (Eq2.11)

where P, is the pressure of one standard atmosphere and K, is the equilibrium

constant in pressure units and is obtained with the following relationships:

AS; AH;>
R~ Eq2.12
Kp,r = e( R RT , (Eq )
° Ns 1" ’ °
AS, _ Z (Vi,r B Vi,r)Si (Eq2.13)
R - R '
i=

Z (V — Vlr)H (Eq2.14)

where S; and H; are the standard state molar entropy and the standard state molar enthalpy
of the species i, respectively. The constant pressure specific heat of the mixture ¢, is

computed as:

¢, = Z_Yicp,i, (Eq2.15)
l

and the constant pressure specific heat of the generic species i is calculated as a

polynomial function of the temperature:

A
R z AJ’.J'T] ’ Tmin,l <T< Tmax,l
=0
(M =4 73 , (Eq2.16)
Z Tmin,z <T< Tmax,z

where A;; and B;; are the polynomial coefficients and are given in the related kinetic
mechanics, together with T 1, Tinin2» Tmax,1 @Nd Tingy 2 Values. Similarly, the thermal
conductivity of individual species A; is also determined as a function of temperature in

order to calculate the thermal conductivity of the mixture A.

The transport properties of each species in Equation Eg2.2 are evaluated by using the
mixture-averaged formulation. This model assumes that the diffusion rate has three

contributions:
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Vdif,i = Vi, + Vi” + VC’”, (Eq217)

V/ is the ordinary diffusion velocity and is computed by the Curtiss-Hirschfelder
approximation [150], v/’ is the thermal diffusion velocity [151], and V"' is the correction

velocity [152], which ensures that the mass fractions sum is unity.

The inlet conditions are given in terms of temperature, pressure and mixture

composition. No heat losses are considered.

2.1.3 Governing equations for Ignition Delay Time (IDT)

calculation

Similar to Laminar Flame Speed (LFS), Ignition Delay Time (IDT) is also a key
parameter in combustion processes and its calculation is also crucial for the validation of
detailed kinetic mechanisms. In many applications, auto-ignition phenomena must be
avoided to protect the integrity of the technology or to prevent efficiency losses, as in the
case of Spark Ignition (SI) engines. In other cases, the auto-ignition timing is the
fundamental parameter that determines the correct functioning of the technology, as in
the case of Compression Ignition (CI) engines and, especially, in HCCI engines where

the whole combustion process is governed by the auto-ignition of the mixture.

There are various definitions of IDT, in both the experimental and the numerical

fields, some of which are:
e time required for a certain temperature value to occur;
e time required for a certain temperature increase to occur;
e time required for the first emission of light radiation to occur;

e time required for the peak of a chemical species concentration to occur
(usually OH);

e time required for the maximum slope of the temperature or pressure profile

to occur.
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Experimentally, one of the most employed methods of determining the IDT is to use a
Rapid Compression Machine (RCM) [153-155], whose operation is illustrated in Figure
2.1.

Pressure trace (reactive)
100 + - — - Pressure trace (unreactive)

N\ —-—-|Piston movement trace 7900

200

Pressure [bar]

100

Piston Position [mm]

Time [ms]

Figure 2.1. Representation of the operation and pressure trace of a Rapid Compression
Machine. [153]

By setting the intake conditions and the compression ratio of the RCM, the mixture is
compressed very quickly, in order to minimise heat exchange with the walls, up to the
pressure and temperature of interest (time t = 0 in Figure 2.1). Under the desired
conditions, the piston stops, and the system, at constant volume, evolves with auto-
ignition and combustion of the mixture, detected with increasing pressure in the cylinder.
Then, the IDT is identified as the time at which the derivative of the pressure curve is
maximum (time t = T,,4, IN Figure 2.1). As can be seen from Figure 2.1 before the main
pressure rise, there is a smaller one representing the first-stage of combustion (time t =

Trirse IN Figure 2.1).

From a mathematical perspective, the calculation of IDT involves the resolution
of the balance equations for each chemical species and the energy conservation equation,

considering a closed 0-D, constant-volume, adiabatic reactor.

Since the system is closed, the mass is constant, which means that the change in the mass
of each chemical species is equal to the change in its mass fraction due to chemical

reactions:
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dy; oW,
dt p '

(Eq2.18)

where t is the time. The first law of thermodynamics for closed systems reads:

de dQ; dvg

_ Eq2.19
dar dt Par (Eq2.19)

where e, Q, and v, are the internal energy, heat-transfer across the system boundary and
volume, referred to the mass unit (i.e. specific), respectively. Since the system is adiabatic

and the volume is constant, it remains:

de
— =90 Eqg2.20
=0 (Eq2.20)
Considering the ideal gas, the internal energy is the sum of the internal energies of the

individual species, and deriving with respect to time gives:

S

de Z del+zel (Eq2.21)
dt

dei dr
o = Eqg2.22
dc  viar’ (Eq2.22)
where e; and c,; are the internal energy and the constant volume specific heat of the
species i respectively. Similarly to the calculation of the constant pressure specific heat,

the constant volume specific heat of the mixture c, is equal to:

- Z'Yicw-. (Eq2.23)
l
Finally, by inserting Eq2.18, Eq2.21, Eq2.22 and Eg2.23 into Eq2.20, the energy equation
is obtained:
iT 1<
Cp—+ -Z e, W, = 0. (Eq2.24)
tp i=1

The mass equation Eq2.18 and the energy equation Eq2.20, together with the equation of
state Eq2.4 and the calculation of the molar rate of production (Eq2.6-2.9) close the

problem.
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2.1.4 Governing equations for engines 0-D simulations

Depending on the type of engine to be simulated, the mathematical model
describing the thermodynamic evolution of the mixture inside the cylinder changes. In
this work, zero-dimensional modelling of an engine was used for two scopes: the first
was to simulate the thermo-chemical evolution of the mixture with ozone addition during
the compression stroke, up to the ignition time; the second was to calculate the heat
released by combustion, from experimental pressure traces taken from the literature, in
order to validate CFD models. For these purposes, the evolution of the system was
modelled mathematically as a closed 0-D reactor, with variable volume, as shown in

Figure 2.2.

Figure 2.2. Schematic representation of the cylinder of an internal combustion engine. L 4=
length of crank arm; 6= crank angle; Lq= length of connecting rod; Dg= length of Bore;
Vp= Top Dead Center Volume.

From the geometric quantities of the engine, it is possible to derive the engine

displaced volume and volume variation law as a function of Crank Angle (CA) 6:
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DZ
Ve=m—"La, (Eq2.25)

2

D
V=V,+ T[TB<LC + L,(1 — cosB) — \/LZC — (LAsin6)2>, (Eg2.26)

where V. is the engine displaced volume, L, is the crank arm length, V}, is the volume at
Top Dead Center (TDC), Dy is the bore length and L. is connecting rode length. The

TDC volume Vj, is derived from the engine displacement and compression ratio CR:

Ve

= Eqg2.27
Vb CR—1’ (Eq )
with
|4
CR =22 (Eq2.28)
Vmin

The mass trapped in the cylinder is constant, so Equation Eq2.18 can be written.
Furthermore, by applying the first law of thermodynamics (Eg2.19), taking into account
both the contribution of the work done by the piston and the heat transfer to the chamber

walls, differentiating by d@ instead dt, the following is obtained:

Ns
a, %Z cuintt =~ 0 (Eq2.29)
where Q,, is the heat transfer to the chamber walls (the negative sign is due to the
thermodynamic convention used, since in engines the heat transfer is from the system to
the walls). In order to calculate the total heat released by combustion, instead, it is useful
to write the first law of thermodynamics in the following form:

dQcp dQyw vy 4V 1 _dp
- = p—t ——V—,
dd  do y—-1"d8 y—1 de

(Eq2.30)

where Q. represent the chemical energy released by the combustion, and y is the specific
heat ratio:

_o

y=-2. (Eq2.31)
C‘U

For the resolution of the Equations Eq2.29 and Eq2.30, it is necessary to calculate the
heat transferred to the walls, which can be written in the following form:
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d
_ftw = A (T —T,), (Eq2:32)

where A4, is the chamber surface area (sum of piston area, head area and cylinder area
which is a function of CA), T, is the wall temperature and h, is the convective heat-
transfer coefficient. Different correlations can be used to calculate the convective heat-
transfer coefficient h, [156-159]. The following Hohenberg correlation [158] was used

for the computation of Q,, in Equation Eq2.30:
_ _ _ 0.8
he = 130V ~006p08T-04( 4 1.4)7", (Eq2.33)
where i, is the mean piston speed and p is expressed in bar.

Then it is possible to change dt of Equation Eq2.32 in d6 using the engine speed RPM
(Round Per Minute):

do ~ 2mRPM

dt 60 [%], (Eq2.34)

Finally, by combining the Equations Eq2.30,32-34, knowing the experimental pressure
trace, volume, in cylinder mass and gas composition at the Intake Valve Closure (IVC)
CA, the gas temperature T can be calculated from the equation of state, so the only
unknown in the Eq2.30 is the heat released by combustion, which is the Heat Release
Rate (HRR).

On the other hand, Annand correlation [156] was also used for the computation of Q,, in

in Equation Eg2.29:

i, Dg\24
hc=,1%(p 4 B) , (Eq2.35)

where a, and b, are two constants which, in four-stroke engines, assume the typical
values of 0.26 and 0.75 % 0.15, respectively. The viscosity p is computed with
Sutherland law:

3
C15T2

(Eq2.36)
T+ Cy’

U=

with C;; = 1.42 x 107° kgl and C,; = 100 K, and finally A is calculated by using the

msK2

Prandtl number: A = %.
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2.1.5 Governing equations for engines CFD simulations

The thermo-fluid dynamic analysis of the processes occurring in an internal
combustion engine (ICE) and characterising its operation is very complex: the flow inside
the combustion chamber is turbulent, thousands of chemical reactions take place and there
are heat exchanges. Therefore, the behaviour of a multi-component reactant mixture must
be studied, which, under the assumption of a continuous fluid, is governed by the

following balance laws:
e the mass conservation law;
e the momentum conservation law;

e the energy conservation equation.

2.1.5.1 Balance equations

The first balance equation is the mass conservation equation (or continuity equation),
which, for multi-component reactant flow, can be written either for the total mass

(Eq2.37) or for individual chemical species (Eq2.38):
0 =
5 (P +V-(p9) =0, (Eq2.37)

9 Lo o
a(pyl) +V- (pUYl) ==V Ji+ Rrr,i ’ (Eq238)

where ¥ is the gas velocity vector, R,..; is the volumetric mean reaction rate of the species

i andfl- is the mass diffusion flux of species i in the mixture, computed as:

- Ut \ = VT
Ji= = (pDim + 5) P~ Dri (E239)

where Dy ; is thermal diffusivity of the species i, u, is the turbulent viscosity, Sc, is the
turbulent Schmidt number, and D; ,,, is the diffusion coefficient of species i in the mixture,

with:
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1-X;

X’ (Eq2.41)
Zj,j:ti D_U

Di,m =

where D, is the turbulent diffusivity coefficient, X; is the molar fraction of species i, and

D;; is the diffusion coefficient of species i in species j, modelled using the Chapman-

Enskog formulation [160].

The thermal conductivity A and the dynamic diffusivity u of the mixture were calculated
taking into account the mutual interactions between the chemical species using the scalar
Y;;, defined as:

Eq2.42
Wy = . (Eq2.42)
AN
E (”W})]
and therefore:
XiA;
,1=Z S (Eq2.43)
— 2 Xjij
Xilki
_ , (Eq2.44)
: ZZ,’XﬂPU

where A; and y; are the thermal conductivity and the dynamic diffusivity of the species i,

respectively.

As a consequence of the second law of dynamics, it is possible to write the momentum
equation (also called Navier-Stokes equation). Neglecting the contribution due to
buoyancy forces (negligible in Internal Combustion Engine) the following equation is

obtained:
a - — - = — - _
T (pv) + V- (pvv) =—-Vp+V-T, (Eg2.45)
where T is the stress tensor given by
j— —)_) —)_) 2—) _)=
T=UuU [(Vv + VUT) — §V . vl] , (Eq2.46)

where I is the unit tensor.
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By using the first law of thermodynamics, it is possible to write the energy conservation
equation. Depending on the type of energy referred to (internal, total, etc.), it is possible
to obtain different formulations. The one presented below is the total energy conservation
equation, which includes all the terms necessary to model the phenomena involved in

multi-component reactant mixtures (chemical reactions and diffusive transport):

0 = L
E(pE) +V- (v(pE + p)) =
(Eq2.47)
= V| Aoy VT — Z heiJi + (Fepr*B) | + Shran
i

where A.¢r = 1+ A, is the effective thermal conductivity (where A, is the turbulent
thermal conductivity, defined according to the turbulence model used), h; ; is the sensible
enthalpy of the species i and Sy, ., is the source term that includes the heat released by

chemical reactions and E is the total internal energy defined as:

2

v
E=h-2+2. (Eq2.48)

p 2

the term hy is the mixture sensible enthalpy, calculated with:

hs = Z Yihg;, (Eq2.49)
i

where hg; sensible enthalpy of species i, i.e. the part of enthalpy that includes only the

changes in the enthalpy due to specific heat:

T
hS,i = f Cp'idT , (Eq250)
Tref

With T,.o; = 298.15 K.

In Equation Eq2.47, the terms V - (Ao VT), V- (Xihs;J;) and V- (T,5 - ) represent
energy transfer due to conduction, species diffusion and viscous dissipation, respectively.

The term Sp, ., is computed with the following expression:

ho
Shrsm == ) 3 Remi (Eq2.51)
. l
L

where h) and M; are the enthalpy of formation and the mass of species i, respectively.

The term R,,.;, which appears in both the mass conservation equation and the energy
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conservation equation, will be described in detail in the section concerning the

combustion model.

2.1.5.2 Turbulence model

Turbulence is characterised by fluctuations in all local flow properties and occurs
for sufficiently large Reynolds numbers, depending on the system geometry, and is
responsible for the mixing of transported quantities, such as momentum, energy and
chemical species, resulting in random behaviour, in instantaneous values of all quantities.
Any property f is usually decomposed into the mean (ensemble-averaged or time

averaged) f, and fluctuating f’ contributions:

Therefore, by applying the Equation Eq2.52 to the velocity, gives v = u + u’ where u is
the mean velocity and u' is the fluctuating velocity. The average is usually defined as an
ensemble average, i.e. an average of a large number of realizations at the same instant of
the same flow field; for steady mean flow fields, this average is replaced by time averages

over a sufficiently long period.

Turbulent fluctuations are associated with different scales ranging from the
integral length scale [; (i.e. the largest), to the Kolmogorov length scale n;, (i.e. the
smallest). Under the assumption of homogeneous and isotropic turbulence, the energy of
the large scales flows to the smaller scales through the Kolmogorov cascade [161].
Specifically, the flow of energy from one scale to another, which occurs due to the non-
linear term in the momentum equation, is constant and is given by the dissipation ¢ of the
turbulent kinetic energy k. Then it is possible to introduce the Reynolds number Re(r;)

associated with each scale of turbulence r;:

)

Re(r,) = @ (Eq2.53)

where v is the fluid kinematic viscosity and u,, () is the characteristic velocity of the

motion of size r;, therefore when r; corresponds to the largest scale I;, Re(r;) = Re(l;) =
Re;, where Re; is the integral Reynolds number, i.e. the Reynolds number associated with

the turbulence integral scales; on the other hand, when r; corresponds to the Kolmogorov
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length scale 7ny, Re(r:) = Re(ny) = Rey, Where Re; is the Kolmogorov Reynolds
number. Along the energy cascade, the Reynolds number Re(r;) goes down from Re; to
values close to unity, where inertia and viscous forces balance. This limit determines the
smallest scale found in the turbulent flow, the Kolmogorov scale n;, controlled by
viscosity and by the dissipation rate ¢ of the turbulent kinetic energy k, obtaining the

following relationship between integral and Kolmogorov scales [161]:

l 3
— = Re}. (Eq2.54)
Nk

The Equation Eq2.54 shows that for high Reynolds numbers there are turbulent structures
several orders of magnitude smaller compared to that of the characteristic size of the
problem. It may be very expensive in terms of computational cost to solve all scales of
turbulence, so three different approaches can be used to treat turbulence, depending on
the level of detail desired: RANS, LES, DNS. An example of the difference between the

three approaches is shown in Figure 2.3.

With the Reynolds Averaged Navier Stokes (RANS) approach, the governing equations
are Reynolds-averaged, losing the information on the instantaneous properties of the flow
and resolving the average values of all quantities. The effect of turbulence appears in a
non-linear term (the Reynolds stress tensor) that introduces a number of unknowns greater
than the number of available equations. Therefore, it is necessary to use a turbulence
model for fluid dynamics in combination with a combustion model for the conversion of

chemical species, to close the problem.

With the Large Eddy Simulations (LES) approach, large scales of turbulence are solved
explicitly, while smaller scales are modelled with closure equations. The idea is to apply
a filter, manipulating the balance equations to remove scales smaller than the chosen filter
size. In this way, in contrast to the RANS approach, a part of the turbulence (the large
scales) is solved, so more accurate results are obtained than the RANS approach, but with
an increase in calculation time. Also in this case, the modification of the exact equations
introduces a term (the stress tensor of the sub-grid scales) that takes into account the effect
of the filtered scales and must be modelled for the closure of the problem.
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The approach with the highest level of detail is Direct Numerical Simulations (DNS),
where all balance equations written for instantaneous quantities are solved without
modification. In this way, all scales of turbulence are solved explicitly and their effects
on combustion are captured. This approach, however, is too expensive in the industrial
environment for solving engineering problems, since for each physical dimension
(including time) the Equation Eq2.54 must be considered in the generation of the

computational grid.

Temperature

Va

Oxidizer

Figure 2.3. Time evolutions of local temperature computed with RANS, LES or DNS in a
turbulent flame brush. [162]

In this work, the RANS approach was used, which gives the Reynolds-averaged
momentum balance equation the following form (the Einstein summation convention is

used):

(pu) + =— (pu;) =
5t Pl ajpij
(I')

_ 6p+ d aui+6uj 26 ouy 4 6( ﬁ)
~ 0x;  0x; # dx;  O0x; 3 L 9, 0x; pruty ).

where u; and u; are the i-th and j-th Reynolds-averaged velocity component, respectively,

and the term —pu;u; is the Reynolds stress tensor.

Both the standard k — £ model and the RNG k — & model were used to close the
problem. The two models are very similar, they are based on the same assumptions and
are described below.

The standard k — € model, was proposed by Launder and Spalding [163] and is based on

the following assumptions:
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o fully turbulent flow, where the effects of molecular viscosity are marginal;

e Boussinesq hypothesis for modelling the Reynolds stress tensor as a function of

mean velocity gradients.

Using the Boussinesq hypothesis, the turbulent stress tensor is expressed as the
sum of an isotropic and a deviatoric part (where the deviatoric part is modelled in analogy

with that of the stress tensor) in the following form:

wul L 2<k+ au")a Eq2.56
pPUW = [y ox, o, 3\Pk+ 1o = (Eq2.56)

In addition, turbulent viscosity is calculated as:

k2
e = pCu— (Eq2.57)

The six scalar unknowns from the Reynolds stress tensor are reduced to two scalar

unknowns, k and &, and then the following transport equations are written to close the

6ul 6ul

where k = —u 'up and e = v——, with i,k = 1,2,3 as the indexes associated with the

ox kaxk
three spatial dimensions; on the other hand, Cy,, C., C,, o, and o, are constants

determined with the assistance of experiments in order to give the model characteristics
of validity and universality for a wide range of problems and assume the following values:

Cie =144, Cp=192, (,=009, o.=1 o, =13.

The G, term represents the generation of turbulent kinetic energy due to the mean velocity

gradient and is defined as:

au]
Gy = —pujuj =— ax, (Eq2.60)
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which under the assumption of Boussinesq can be calculated more simply as:
G = UeS?, (Eq2.61)
where S is the modulus of the mean rate of strain tensor (i.e. the symmetrical part of the

Reynolds-averaged velocity gradient tensor), defined as S = ,/25;;S;; .

Finally, the turbulent thermal conductivity in the energy conservation equation (Eq2.47)

takes the form:

_ Cplt
¢ =
Pr.’

(Eq2.62)

where Pr; is the turbulent Prandtl number, set equal to Pr; = 0.85.

The RNG k — £ model is very similar to the standard one with some differences,

including:

e an additional term in the transport equation for e. Specifically, the term R, =

Cuped(1—-L
upPE (1 110) &3 . i
R is added to the second member of the transport equation for

epsilon (Eq2.59), withn = Sk/e, n, = 4.38 and §, = 0.012;

o the effect of swirl motion on turbulence. Turbulent viscosity u; is calculated as a
function of the characteristic swirl number Q: u; = psof (Q, S), where ;o is the
turbulent viscosity without the swirl modification computed with the Equation

Eq2.57.

The values of some constants change with respect to the standard model, in particular:

Cie =142,  Cpe =168,  C,=0.0845.

Since swirl motion was included in the HCCI model, which will be discussed in detail in
section 4.2, the RNG k — ¢ model was used, whereas in the Spark Ignition model, where

swirl was not considered, the standard k — £ model was used.

Since in an Internal Combustion Engine (ICE) the fluid is confined by the walls,
it must be considered that both the mean velocity field and the turbulence are affected
through the no-slip condition that has to be satisfied at the wall. Close to the walls, viscous
stresses predominate with respect to turbulent ones, resulting in a region of fluid, the

viscous sublayer, in which the flow can be considered laminar. Therefore, close to the
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walls the assumption of fully turbulent flow, which is necessary to obtain acceptable
results with standard and RNG k — & models, is not satisfied. To take into account the
effect of walls, standard wall functions were used [164], which are a set of semi-empirical
formulas and functions that 'link’ the thermo-fluid-dynamic properties of the flow with

those of the walls.

2.1.5.3 Combustion model

In this work, the Eddy Dissipation Concept (EDC) combustion model was used.
This model was proposed by Magnussen [165] and subsequently amended to adapt it to
various conditions [166]. The model assumes that fluid can be separated into two regions:
a first region where chemical reactions occur (fine-scales), and a second region that is
non-reacting (surrounding fluid mixture). The fine-scales are turbulent structures of the
same order of magnitude as Kolmogorov’s scales. At these scales, the turbulence leads to
a mixture of the chemical species at a molecular level, then dissipates its kinetic energy
into heat due to viscous forces. From the energy cascade occurring from the large
turbulent structures up to Kolmogorov’s and consequently the fine-scales [165,167], it
follows that the characteristic size of the fine-scales can be related to that of turbulence
[168].

The fraction of the region occupied by the fine-scales can be expressed as a

dimensionless fine structures length fraction [169]:

1 1 1
i 3Cpy \* /vens VE\Z Eq2.63
r-(g) @ -o 6 s
whereas the characteristic time scale of the fine structures (i.e., the mean residence time

of the fluid within the fine structures) is expressed as:

1 1 1

= (5@ e ) €28

where Cp; and Cp, are model constants. In the original version of the model, the

constants Cp, and Cp, are equal to 0.134 and 0.50, respectively. It follows that C,, and

C, are equal to 2.1377 and 0.4082, respectively. These values have been assumed on the

basis of both theoretical reasoning and experimental data, and represent a compromise in
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order to extend the range of validity of the model [167]. Recently, some researchers have
modified such constants to apply the EDC model to other combustion strategies. For
instance, in the case of Moderate or Intense Low-oxygen Dilution (MILD) combustion,
Parente et al. [170] modified the original values of the constants C, and C;. Further, they
computed the constants locally as functions of the turbulent Reynolds number and

Damkdohler number. A similar approach has also been employed by Bao [171].

The term t* is the inverse of the mass transfer rate between fine structures
(denoted with *) and surroundings (denoted with °), divided by the fine structure mass.

A schematic representation of the EDC model is shown in Figure 2.4.

Energy Cascade

Mean Flow Fine-Scales
W’ . w” Wy Wn+1 w’
u,l, |  ul =) -y oy, (- == T
q qn q

|

Molecular I
mixing Surrounding 1

# Y; |

— ;=0 |
|

Figure 2.4. Schematic representation of the EDC combustion model. u= characteristic
velocity of the turbulence structure; I= characteristic turbulent dimension; w= rate of
mechanical energy transfer from a turbulent structure to a smaller one; gq= rate of
dissipation of energy into heat due to viscous forces.

Furthermore, the characteristic quantities of the fine structures (*) and those of the
surroundings (°) can be combined together to compute the average flow properties

(denoted with an over bar) by using the following equation:
® =0 [1-x(¥)’]+ @ x(r*)? (Eq2.65)

where @ is a generic fluid property and y represents a probability that not all the fine

structure volumes react. Generally, y is assumed to be unity.

The mean reaction rate of the species i is expressed as:
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_ px(y? . .
Ry =——=—(¥ -Y), (Eq2.66)

,l.*

where p is the mean density of the fluid, and ¥;" and Y;* are the surrounding and
fine structure mass fractions of species i, respectively. By applying Equation Eg2.65 to
the species mass fractions, and combining Equations Eq2.65 and Eq2.66, the following
expression of the mean reaction rate of i-th species is obtained:
R = px(y)?
o[l -x(r)3]

In the original version of the EDC model, the fine structures are modelled as

Y, - YD, (Eq2.67)

Perfectly Stirred Reactors (PSRs). However, PSRs should be solved at a steady state to
get the composition of the fine structures. To overcome this limitation and save
computational time, the fine structures are modelled as Plug Flow Reactors (PFRs),

described by the following equations:

d
d_i’ — 0, (Eq2.68)
dh
=0, (Eq2.69)

day;

L =G, (Eq2.70)

and w; is the instantaneous net chemical production/consumption rate computed
with Equations Eq2.6-2.9. The Equation Eg2.70 is integrated over the characteristic
residence time of the fine structures, 7*, to get Y;". Finally, the term R,,.; of Equation
EQ2.67 is included in the Reynolds-averaged transport equation of the i-th species:
a —_ — N — - —
5, PT) + V- (PU7) = =V -Ji + Ry, (Eq2.71)
and in the source term of Reynolds-averaged energy equation:

_ h) _

Shyxn = — ]V[l Ryry - (Eq2.72)
=4 Y
i
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2.2 Numerical methods

The following section describes the numerical methods used for the simulations
of the different phenomena taken into account. For the parametric analyses on the
Laminar Flame Speed (LFS), all the kinetic mechanisms presented in section 2.1.1.2 were
investigated, also to understand the differences and accuracies of the different
mechanisms chosen and coupled with ozone and nitrogen oxides sub-mechanisms. The
0-D simulations concerning the compression stroke of the engine were carried out with

the most detailed kinetic mechanism, i.e. the one called '‘CurranModif' in section 2.1.1.2.

The CFD analyses, on the other hand, were only carried out with the mechanism
called "YooModif" in section 2.1.1.2. The motivation is that since the EDC combustion
model was used, the calculation times would have been too high if an excessive detailed
mechanism had been used. However, as discussed in the chapter on model validation, the

modified Yoo mechanism was also valid for the analyses performed.

The simulations for the calculation of the LFS and IDT were carried out by using
Chemkin-Pro solver within Ansys® Academic Research CFD package, Release 20.1
[172]. Simulations of the compression stroke of the 0-D engine were carried out with the
REC-2000 software [173] used in 0-D configuration. Finally, CFD calculations of the
engine were performed by using Fluent solver within Ansys® Academic Research CFD
package, Release 20.1 [174].

2.2.1 Numerical methods for 1-D and 0-D simulations

For the Laminar Flame Speed (LFS) calculation a one-dimensional domain of
length 10 cm was considered. As regards boundary conditions, the pressure, temperature,
and composition of the mixture were given at the cold boundary, whereas, the zero-
gradient condition was set at the hot boundary. A first guess-value value was set for both
the flame position, by defining an initial temperature profile, and the mass flow rate. The
governing equations (Eq2.1-2.4) were discretized by using first order and second order
finite differences for the convective and diffusive terms, respectively, and iteratively
solved. The computational grid was dynamically adaptive. The numerical domain was
discretized into a number of grid points and this number increased till specific criteria on
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the flow gradients and curvature of the numerical solution were satisfied. In particular,

the criteria for each point j of the mesh were:

|{n,j - {n,j—1| < 5grad (maX(n - min{n) ’ (Eq2.73)

(@) -2, e min

< Yewrv (max— — min —) , (Eq2.74)
where {, is the n-th component of the unknowns vector Z , and 8grqq ANd Yy are

dx dx

user-specified parameters. If Equations Eq2.73-2.74 were not satisfied between two
subsequent grid points, then a new grid point was added at the midpoint of such
subinterval, and a new iteration was carried out. Absolute and relative tolerance values of
1072 and 10~*, respectively, were chosen for the converged solution. The computation
was carried out with several successive continuations: starting with fairly high values of

8graa and Veyury, the solution of a previous continuation was assumed to be the starting

condition for a new continuation with smaller values of &,,,4 and yc,,, and so on.

The computational time is strongly dependent on the values of 84,44 and Veyrv,
and on the number of species and chemical reactions of the mechanism. For the
mechanism of methane, with a relatively low number of species and reactions, the
minimum values of &,,,4 and y,,,, Were set to 0.01 and 0.05, respectively. For the iso-
octane mechanisms, in order to reduce the computational time, the values of §4,44 and
Yeurv Were slightly increased compared to the methane case and are set to 0.035 and 0.075,
respectively. Finally, for all computations, the minimum time-step was 10~1%. With
these settings, the numerical method converged for all cases. The difference between the
converged solution, in terms of LFS, and the solution of the previous continuation was
within 1% and 1.5% for the simulations with methane and iso-octane, respectively, for
all the selected thermodynamic conditions.

Regarding the calculation of the Ignition Delay Time (IDT), IDT was defined as
the time when the slope of the temperature profile reaches its maximum value:

dT(t)
dt } '

IDT =t: max{ (Eq2.75)

The iso-octane/air/ozone kinetic reaction mechanism called “YooModif” and

presented in section 2.1.1.2 was used, since the validation of the kinetic model with ozone
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addition was carried out with CFD simulations on experimental measurements of pressure
traces in an HCCI engine (by using only the “YooModif” kinetic mechanism for the
reasons discussed above). A 2-second-long simulation was considered with a backward-
differencing method for the time integration. For the solution convergence, a relative

tolerance of 10~ was imposed.

0-D engine calculations covered the mixture evolution from Intake Valve Closing (IVC)
to Spark Advance (SA), considering the engine geometric characteristics of a test case
[175] and presented in Table 2.2, used to calculate the law of volume variation. The

numerical time-step was set to 0.006 Crank Angle Degree (CAD).

Table 2.2. Reference engine specifications for 0-D and 2-D S| Engine simulations. [175]

Bore 79 mm
Stroke 81.3 mm
Rod length 143 mm
Displaced Volume 399 cc
Geometric compression ratio (CR) 10:1
Intake Valve Closure (IVC) 144 CAD BTDC
Exhaust Valve Opening (EVO) 153 CAD ATDC
Spark Advance 3 CAD BTDC
Engine Speed 1000 rpm

2.2.2 Numerical methods for engines CFD Simulations

CFD simulations were conducted by using two axial-symmetrical geometries,
developed considering the main geometric characteristics of two reference engines taken
from the scientific literature [175,107]. Closed-valve numerical simulations were carried
out: started at Intake Valve Closing (IVC) and ended at Exhaust Valve Opening (EVO).
The choice to simulate only the closed-valve phase with 2-D axial-symmetric geometries
was necessary in order to have acceptable computational times considering the use of the
EDC combustion model. Indeed, the EDC model solves the chemical kinetics in detail in
each computational cell and at each numerical time-step, integrating the Equations

Eq2.68-2.70 with the initial conditions relative to the specific computational cell at that
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time. In this way, it was possible to simulate the thermo-fluid-dynamic evolution of the
mixture with ozone addition by solving the chemistry in detail in each temperature range.

The geometric characteristics of the engine for Spark Ignition applications are the
same presented in Table 2.2 [175] for 0-D engine simulations, while the computational

domain is shown in Figure 2.5.

==

Liner

AXxys of symmetry

Piston

Figure 2.5. Computational domain and grid blow-up for 2-D Sl engine simulations: a) mesh
for the IVC-SA simulations; b) mesh for the IVC-EVO simulations, red area represents the
spark zone.

As shown in Figure 2.5, a flat piston and a truncated cone-shaped head were considered,
while two different computational grids were generated. The calculations involving only
the compression phase (IVC-SA), which were aimed to identify the mixture composition
and thermodynamic conditions at the ignition timing for LFS calculations, were carried
out by using the grid in Figure 2.5(a). On the other hand, the simulations of the closed-
valve cycle (IVC-EVO) with combustion were carried out with a higher resolution in
order to more accurately simulate the flame propagation in the chamber. The ignition
model consisted of a temperature increase in the spark zone, i.e. where the spark plug was
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assumed to be located (red area in Figure 2.5(b). Only at ignition time, the temperature in
the spark zone was increased to 2800 K, then combustion (with flame formation and

propagation) evolved with chemical reactions according to the EDC combustion model.

The grid in Figure 2.5(a) was completely structured and uniform, consisting of
quadrilateral elements with a nominal cell size of 0.5 mm. The numerical domain, at IVC,
consisted of 13,667 numerical cells and 13,920 grid points. On the other hand, the grid in
Figure 2.5(b) was structured and uniform, with the exception of a few cells in the TDC
volume to adapt the circular region to the spark zone boundary. The numerical domain,
at IVC, consisted of 53,181 numerical cells and 53,671 grid points and was generated by
imposing an average cell size equal to 0.25 mm. The minimum value of orthogonal
quality was 0.82, while the maximum value of skewness was 0.43, however these values
were only relative to approximately ten cells, in fact the average values were 0.9997 and
0.003 for orthogonal quality and skewness, respectively.

The main engine characteristics for HCCI applications are given in Table 2.3
[107] and the computational grid at 30 CAD BTDC is shown in Figure 2.6.

Table 2.3. Reference engine specifications for 2-D HCCI Engine simulations. [107]

Bore 85 mm
Stroke 88 mm
Rod length 145 mm
Displaced volume 499 cc
Geometric compression ratio (CR) 16:1
Intake valve closure IVC 157° BTDC
Exhaust valve opening EVO 140° ATDC
Engine Speed 1500 rpm
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Figure 2.6. Computational grid at 30 CAD BTDC for 2-D HCCI engine simulations.

As shown in Figure 2.6, since the engine of the test case [107] was a PSA DW10
Diesel engine, a cup in the piston was considered, while the head was considered flat. A
crevice volume equal to 3.46% of the TDC volume was also considered. Based on the
chamber’s geometry, the grid employed between the head of the piston and the cylinder
head was fully structured by using quadrilateral elements, whereas differently shaped
elements were used to adapt to the piston bowl profile. The numerical domain, at the IVC,
was composed of 16,346 numerical cells and 16,645 grid points and was generated by
imposing an average cell size equal to 0.5 mm. The crevice, with a thickness of 0.6 mm,
consisted of two rows of 0.3-mm numerical cells to guarantee a good accuracy. The
minimum value of orthogonal quality was 0.16, while the maximum value of skewness
was 0.84. However, these values occur in only one cell, which is located on the fitting
between the top and the piston cup. The average values were 0.9998 and 0.003 for

orthogonal quality and skewness, respectively.

The resolution of the grids was chosen to ensure both acceptable calculation times
and acceptable values of y* on the wall boundaries for the use of wall functions.
Specifically, the aim was to have y* > 15 for the wall-adjacent cell, in order to have the
second wall-distant cell within the fully turbulent region. However, due to the non-
stationarity and complexity of the phenomena occurring in the combustion chamber, it
was very difficult to control the y* at all times and in every wall-adjacent cell. For the

1/4,1/2

PCL Ky Ywe

mean velocity law at the wall, the value of y* = was evaluated, where k.,

is the turbulence kinetic energy at the wall-adjacent cell centroid and y,,. is the distance
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from the centroid of the wall-adjacent cell to the wall. Specifically, for y* < 11.225, the
laminar stress-strain relationship was applied; on the other hand, for y* > 11.225, the

log-law was employed.

Furthermore, for both geometries the grid motion was carried out by means of a
layering technique. Specifically, the mesh was modified by adding or removing cell layers

adjacent to a moving boundary using the following relationships:
hcell < achideal ’ (Eq2-76)
hcell > (1 + as)hideal ’ (Eq2-77)

where h..;; is the cell height corresponding to the layer to be added/removed (which is a
function of the spatial increment for each time-step), h;;.q; 1S the ideal (imposed) cell

height, a. and a, are two constants called split factor and collapse factor, respectively.

During the compression phase, the height h..;; of the wall-adjacent cell layer is
reducing and when the Relationship Eq2.76 is satisfied the boundary layer is merged with
the second-last one, generating a new boundary layer of height h..;; + h;geq:- During the
expansion phase, on the other hand, the height of the wall-adjacent cell layer increases
and when the Relationship Eq2.77 is satisfied, the layer of height h,;; is divided into two
layers: the inner with height h;;.,; and the other with height h..;; — higeq:- The constants
a. and a, were set equal to 0.2 and 0.4, respectively. For all grids shown, layering was

performed within the TDC volume.

Since the motion field at IVC is turbulent due to the intake phase, which has not
been simulated, the following semi-empirical formulations were used to account the

initial values of the turbulent kinetic energy k and its dissipation rate ¢:

2 -2
Up

Apist

= —pust Eq2.78

k aIVC(Ain> 06,)2’ (Eq2.78)
B Apise\® U1

€ = Pc ( A ) (Aein)3M’ (Eq2.79)

where a;,- and S,y are constants equal to 0.0762 and 0.0294, respectively; A6;,
is the angle, in radians, during which the intake valve remains open; and A,;s; and A;,,

are the piston area and the maximum open intake area, respectively.
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A time-dependence analysis was also carried out for the numerical time-step for
all cases. For simulations concerning the compression phase only (Figure 2.5(a)), a
numerical time-step of 0.5 CAD was used. For HCCI simulations, a value equal to 0.1
CAD was used, with the exception of the range from 80 CAD BTDC to 40 CAD ATDC
when the time step was set to 0.01 CAD to improve the numerical accuracy at the end of
the compression stroke and during combustion. Finally, the following numerical time-

steps were used for closed-valve SI simulations:

e 0.1 CAD from IVC to SA, because during compression of an Sl engine,

temperatures are relatively low and chemical kinetics are minor;

e 10~* CAD from SA for a period of 1000 time-step, because at SA ignition
is simulated with the temperature rise in the spark zone, so the gradients

are very high and a very low time-step is required to ensure convergence;

e 1073 CAD for the next 1000 time-step, because after the previous 1000
time-steps it was possible to increase the time increment ensuring

convergence and without losing accuracy;
e 1072 CAD during combustion, up to 80 CAD ATDC;

e 0.125 CAD from 80 CAD ATDC to EVO, because in this range of the

expansion phase, combustion is over and the flame is extinguished.

The solution convergence was ensured by checking the absolute globally scaled residuals
(for more details see the User's Guide of the software [174]), set equal to 10~ for energy,
and 1073 for the other quantities. Pressure-Implicit with Splitting of Operators (P1SO)
algorithm was used for pressure-velocity coupling. A spatial second-order upwind
discretization and a first order implicit scheme for transient discretization were used.
Least squares cell-based method for the gradient evaluation was used and chemistry was

solved by direct integration.
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3. Chapter 3: Investigation of ozone assisted combustion

This chapter will discuss the results of the simulations concerning the study of the
chemical kinetics of ozone-assisted combustion. These analyses concerned: the
calculation of the Laminar Flame Speed (LFS); the Ignition Delay Time (IDT)
calculation; the study of flame structure and chemical kinetics under stationary and

transient conditions.

3.1 Ozone effect on the laminar flame speed of methane/air and iso-

octane/air mixtures

The aim of the following analyses was to provide a comprehensive investigation
of the influence of ozonized air on the LFS of iso-octane and to highlight differences and
similarities of such a fuel with respect to methane by using one-dimensional numerical
simulations. Indeed, differently to methane, no experiments on iso-octane LFS in
ozonized air have been found in the scientific literature, so this numerical investigation

may be useful to understanding the ozone effects in this kind of mixture.

Combustion with ozone was investigated for different equivalence ratios and for
a wide range of temperatures and pressures, since 0zone may have a different impact on
the combustion process depending on the chemical composition of the fuel/air mixture
and on the thermodynamic conditions. In addition, three iso-octane reaction mechanisms,
presented in section 2.1.1.2, have been considered, in order to assess if, with ozone

addition, they provide the same results.

At first the model has been validated against experimental data, then several
simulations have been performed, for both methane and iso-octane as fuels, by varying
0zone concentrations, temperature, pressure and equivalence ratio of the fresh mixtures
from 2330 to 7000 ppm referred to oxygen, from 300 K to 700 K, from 1 bar to 20 bar,

and from 0.6 to 1.4, respectively.
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3.1.1 Model validation

For methane as a fuel, the validation has been carried out against experimental
data, both in absence of ozone [39,40,45,138,139,146,147] and with the addition of ozone
[40]. On the other hand, for iso-octane as a fuel, the model has been validated against
available data obtained in absence of ozone [140,176-183], since, in the literature, there

are no data in terms of LFS for CgH,g/Air /05 mixtures.

3.1.1.1 Methane

Figure 3.1 shows the numerical results obtained in terms of LFS for methane/air
mixtures as a function of the equivalence ratio ¢ under ambient conditions (1 bar, 300
K), compared with several measurements. The figure shows that the model is able to
reproduce the experimental data with a very good accuracy in the entire range of

equivalence ratio from 0.6 to 1.4.
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Figure 3.1. Comparison between experimental [39,40,45,138,139,146,147] and numerical
results in terms of LFS vs equivalence ratio for CH,/Air mixtures at ambient conditions
(1 bar, 300 K).

The model validation with ozone addition has been carried out against the data of
Wang et al. [40], who measured, at ambient conditions, the LFS of a mixture of methane,

air and ozone with different concentrations of ozone in oxygen, i.e. 2330, 3730, 5130 and
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7000 ppm. The comparison between the numerical results and measurements is shown in
Figure 3.2(a) as a function of the equivalence ratio. Figure 3.2(b) shows the comparison

in terms of the LFS relative enhancement defined as:

ELFs = —;L ) (Eg3.1)

where S, is the LFS in absence of 03, and SLXO is the LFS with X,, ppm of ozone
3

addition.

Figure 3.2 shows that the simulations are able to provide the trends observed in
the experiments. The maximum measurement uncertainty in the experiments in Figure
3.2(a) is about 0.8 cm/s and occurs at ¢ = 0.65 for the case without ozone. As the ozone
concentration increases, there is an increase of the LFS for all the equivalence ratios. The
LFS enhancement is mostly within the range of the measurement uncertainty for all
equivalence ratios. As shown in Figure 3.2(b), the simulations under-predict the LFS
enhancement for both 2330 and 3730 ppm cases with ¢ = 1.4 and for 3730 ppm case
with ¢ = 0.65. The differences between the simulations and the measurements are likely

due to the kinetic mechanism. A similar trend is also found by Wang et al. [40].
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Figure 3.2. Comparison between experimental [40] and numerical results in terms of:
a) LFS vs equivalence ratio; b) LFS relative enhancement vs equivalence ratio for
CH,/Air/03; mixtures at ambient conditions (1 bar, 300 K) with different 05

concentrations.

3.11.2

The three reaction mechanisms for iso-octane are validated by comparing the
numerical results, in terms of LFS, with measurements available in the scientific literature
for mixtures of iso-octane and air with different equivalence ratios, since experimental

results with mixtures of iso-octane and ozonized air are not available in the literature.

Iso-octane
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Figure 3.3 shows the comparison between the numerical results in terms of LFS
and the experimental data available in the literature [140,176-183], as a function of
equivalence ratio, both at ambient conditions and considering higher values of pressure
and temperature. The results show that the three mechanisms are able to accurately
reproduce the experimental data at ambient conditions for all the equivalence ratios. The
results at p = 5 bar fall in the experimental data range for ¢ < 1.1, but for higher
equivalence ratios, the simulations underestimate the LFS measured by Mandilas et al.
[183]. Besides, compared to ambient conditions, a larger dispersion of the numerical
results is observed, depending on the specific reaction mechanism. Under stoichiometric
conditions, atp = 1 barand T = 300 K a LFS between 34.34 and 34.89 cm/s is obtained
for all the three mechanisms, whereas at 5 bar and 355 K the LFS varies from 27.45
cm/s, with the modified Yoo mechanism, to 31.49 cm/s, with the modified Cai&Pitsch

mechanism.

The numerical results at 25 bar and 373 K are compared with the experimental
data of Jerzembeck et al. [140] and are shown in Figure 3.3(c). A good match of the
simulated results with the experimental data is observed, except for rich mixtures.
Specifically, for ¢ < 0.8 all the three mechanisms provide values of the LFS within the
uncertainty range of the measurements. For higher equivalence ratios, the modified Yoo
mechanism underestimates the LFS and for ¢ = 1.2 all the three mechanisms
underestimate the LFS between 11% and 27%.

In summary, the modified mechanisms are able to provide a LFS which is
comparable to that observed in the measurements, even under high pressure conditions,

for lean and stoichiometric mixtures, which are the conditions of interest for Sl engines.

LFS sensitivity analyses have also been carried out for the three mechanisms at room
conditions (1 bar, 300 K) for lean, stoichiometric and rich mixtures without ozone
addition. Figure 3.4 shows the main LFS sensitivity coefficients, for each mechanism and
equivalence ratio. The sensitivity analysis shows very similar results for the modified
Curran and Yoo mechanisms for each equivalence ratio. On the other hand, for the
modified Cai&Pitsch mechanism, LFS is more affected by reactions that are less
important for the other two mechanisms. However, for all the three mechanisms, LFS

shows large sensitivity to the kinetics of the main chain-branching reaction, H + 0, 2
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O + OH. The reactions H + 0, (+M) 2 HO, (+M), CO + OH 2 C0, + H and CH; +

H (+M) 2 CH, (+M) also have a significant role for all the three mechanisms.
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Figure 3.3. Comparison between experimental [140,176-183] and numerical results in
terms of LFS vs equivalence ratio for CgHqg/Air mixtures at: a) 1bar, 300 K; b) 5 bar,
355 K; ¢) 25 bar, 373 K. For the experimental data, the mixture temperature is given
in the legend.
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CurranModif Mechanism
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Figure 3.4. LFS sensitivity coefficients for the modified Curran, Yoo and Cai&Pitsch
mechanisms at 1 bar, 300 K and for three different equivalence ratios.
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3.1.2 LFS for iso-octane/air/ozone mixtures

The same thermodynamic conditions used for methane in section 3.1.1.1 are
considered for iso-octane/air/ozone mixtures, such that a direct comparison between the
two fuels can be carried out. Figure 3.5(a) shows the LFS, obtained with the modified
Curran mechanism, as a function of equivalence ratio. With increasing ozone
concentrations, an increase in the LFS is observed for all investigated equivalence ratios.
This trend is also observed by the other two reaction mechanisms and, for the sake of

conciseness, is not shown.

The relative enhancement of the LFS obtained with 2330 and 7000 ppm 05 is
shown in Figure 3.5(b) for both iso-octane and methane by using all the selected kinetic
mechanisms. The results show that the trends are the same for both methane and iso-
octane, and are in agreement with the experimental data [40], available only for methane
(Figure 3.2(b)). The relative enhancement of the LFS increases with ozone concentration,
especially for lean and rich mixtures, whereas a lower benefit is observed under near-

stoichiometric conditions.

As regards iso-octane, the three reaction mechanisms give similar results,
especially for lean mixtures and with lower ozone concentration. With the addition of
2330 ppm 04, for all equivalence ratios, the values of the LFS enhancement with the three
iso-octane reaction mechanisms differ by less than 0.4%. For 7000 ppm O,
concentrations, the maximum difference is less than 0.5% for ¢ < 1.3, whileat ¢ = 1.4
the relative enhancement ranges from about 6% with the modified Curran mechanism to
about 8% with the modified Cai&Pitsch mechanism.

Moreover, for 2330 ppm ozone concentration, the results show that for ¢ < 1.1
the LFS enhancement for methane is comparable to that for iso-octane, whereas, for
higher equivalence ratios, the maximum enhancement is obtained with methane. For
higher ozone concentrations, the LFS enhancement obtained for methane is very close to
that obtained with the modified Cai&Pitsch mechanism for iso-octane, except for low

equivalence ratios.
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Figure 3.5. Numerical results in terms of LFS vs equivalence ratio at ambient conditions
(1 bar, 300 K): a) LFS (with the modified Curran mechanism) for CgHg/Air/03
mixture; b) LFS relative enhancement for CgHqg/Air /05 and for CH,Air /03 mixtures.

LFS increases linearly with ozone concentration for both methane and iso-octane
mixtures, as shown in Figure 3.6, where three equivalence ratios, i.e. 0.6, 1 and 1.4, are

considered. By using a linear fit, the following expression can be written:
SLX03 =S, T a5, X035, (Eg3.2)

where X, , is the ozone concentration. The ag, coefficients for all cases are also given in

Figure 3.6, with LFS given in cm/s and ozone concentration in thousands of ppm.
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The highest value of ag, is obtained under stoichiometric conditions for all
mechanisms except for the modified Cai&Pitsch mechanism, which predicts a maximum

value at ¢ = 1.4. The lowest ag, values are observed in the case of methane for both lean
and rich mixtures, whereas under stoichiometric conditions ag, values are comparable for

the two fuels. For iso-octane mixtures, the influence of the addition of ozone on the
absolute speed enhancement is significantly lower for lean mixtures with respect to

stoichiometric and rich mixtures.

3.1.3 Influence of mixture temperature

Simulations are carried out by varying by 20 K the temperature of the reactant
mixture, in the range 300 - 700 K, with the aim of investigating the case of ozonized air
at higher temperatures, which are of interest for Sl engines. Such simulations have been
carried out by setting the equivalence ratio to 1 and the pressure to 1 bar.

Figure 3.7(a) shows the LFS of CH,/Air /05 mixtures as a function of reactants
temperature for different ozone concentrations. Figure 3.7(b) and Figure 3.7(c) show the
absolute and relative LFS enhancement, respectively. As expected, the results show that
the LFS increases with temperature for all cases, and that this trend is enhanced by adding
ozone to the mixture. By increasing the temperature in the range 300-540 K, the absolute
value of the LFS enhancement for the cases with ozone (Figure 3.7(b)) increases linearly
with a slope that is proportional to the ozone concentration; above 540 K ozone addition
has a stronger effect and the slope of the profiles increases the greater the ozone

concentration.

As regards the relative LFS enhancement (Figure 3.7(c)), in the range 300-520 K,
for a given ozone concentration, the relative LFS enhancement slightly decreases with
increasing temperature, whereas for temperatures in the range 520-680 K the relative
enhancement increases with temperature and, finally, over about 680 K it approaches a
constant, temperature-independent value. This trend indicates that, as long as the
temperature is relatively low, ozone addition has a minor effect with respect to the
increase of temperature; starting from about 520 K, instead, ozone has a major influence

and an opposite trend is achieved.
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The same analysis has also been performed for a mixture of iso-octane/air/ozone.
Figure 3.8(a) shows the LFS as a function of mixture temperature for different ozone

concentrations by using the modified Yoo mechanism, whereas Figure 3.8(b) shows the
derivative of the LFS with respect to temperature, i.e. L( ) , obtained with 0, 2330 and

7000 ppm of ozone. Similar trends have been found by using both the modified Curran

and the modified Cai&Pitsch mechanisms.

The results show that, in absence of ozone, the LFS as a function of temperature
has a similar trend with respect to the case of methane given in Figure 3.7(a): specifically,
S, increases more than linearly with temperature. With ozone addition, a similar
behaviour has been obtained up to about 520 K. Above this value the LFS increases with
temperature much faster. Indeed, Figure 3.8(b) shows that with 7000 ppm of ozone, in

the temperature range 520-580 K, the slope of the S; (T) profile considerably increases,

reaching a maximum value of 1.15 % at 580 K, against 0.37 % for the case in absence

of ozone at the same temperature. With a decrease of the ozone concentrations, the peak

L()

of the ——=—= profile drops and moves towards higher temperatures, as shown in Figure

3.8(b). After the peak, a sharp decrease of the LFS derivative is observed with lower
values than those obtained in absence of ozone, and then it slowly increases.

The results obtained by using the other two mechanisms for iso-octane are
qualitatively similar and a comparison is shown in Figure 3.8(c) and Figure 3.8(d) in
terms of absolute and relative LFS enhancements with respect to the case in absence of
ozone. The results show that in the temperature range 300-520 K all the three mechanisms
give approximately the same behaviour. In this range, both the relative and the absolute
LFS enhancements are quantitatively similar to those obtained for methane; besides,
similar trends are achieved as a function of temperature, with a linear increase of the
absolute value of the LFS enhancement. Instead, for higher temperatures a different
behaviour with respect to methane is obtained, since with iso-octane the enhancements
are much greater in the 540-640 K range. All the three mechanisms give the same trends,
even if the results quantitatively differ in this temperature range. The maximum values of
both relative and absolute enhancements are different and occur at different temperatures,

depending on the reaction mechanism, for each ozone concentration. Similar to Figure
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3.8(b), after the peak value, the influence of ozone is reduced and the relative LFS

enhancement approaches the values obtained at lower temperatures.
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In order to investigate the behaviour of iso-octane/air/ozone mixtures at
temperature higher than 540 K with respect to the case of methane/air/ozone mixtures,
the profiles of specific quantities across the flame, i.e. temperature, ozone mole fraction
and OH mole fraction, are analysed and given in Figure 3.9 for the case with 7000 ppm
of ozone under stoichiometric condition and for two different reactants temperatures, i.e.
500 and 620 K. The results show that, for iso-octane with ozone addition and reactants
temperature of 620 K, a cool flame occurs, in agreement with other works available in
the literature [105,184-186]. Figure 3.9(a) shows that ozone decomposition depends on
both the inlet temperature and the specific fuel. With a reactants temperature of 500 K,
ozone is partially decomposed ahead of the high temperature flame: at the flame location,
i.e. 4.94 cm, 6.2% and 10.2% of the initial amount of ozone is decomposed for the iso-
octane and methane mixtures, respectively. On the other hand, with a reactants
temperature of 620 K, ozone is almost completely decomposed ahead of the high-
temperature flame, i.e. 98.9% and 100% of the initial amount of ozone is decomposed for

methane and iso-octane mixtures, respectively.
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The much faster ozone decomposition for the iso-octane mixture with an initial
temperature of 620 K is due to the different temperature profile, shown in Figure 3.9(b).
With a temperature of the reactants of 500 K, the flame is located approximately at 4.94
cm for both methane and iso-octane. Upstream of the flame, the temperature remains
nearly the same to the initial value. On the other hand, when the temperature of the
reactants is 620 K, a cool flame is established for iso-octane, therefore the fuel is
consumed ahead of the high-temperature flame. At 2 cm the temperature is already 706
K (+86 K) and 38.5% of the initial amount of iso-octane is consumed. Just upstream of
the high-temperature flame 47.2% of the initial amount of fuel is consumed and the
temperature is 734 K. This phenomenon for methane is less evident and more gradual, so
just upstream of the high temperature flame 98.4% of the fuel is present and the
temperature is increased by only 20 K. Figure 3.9(c) shows the OH mole fraction in the
0 - 4.5 cm region. With a temperature of the reactants of 500 K, the OH mole fraction is
of the order of 107° for both methane and iso-octane and increases very slowly with
distance. On the other hand, with an initial temperature of 620 K, OH radicals are

produced and, then, consumed, with a maximum in the case of iso-octane at 1.22 cm.

The trend shown in Figure 3.9 occurs with the entire set of iso-octane reaction
mechanisms and with lower ozone concentrations. The cool flame location depends on
the reactant temperature, on the reaction mechanism and on the ozone concentration, in
agreement with the previous discussion on the increase of the LFS. In the case of methane,
on the other hand, the cool flame does not occur in any of the conditions, even when the

temperature of the reactants is 700 K.

As previously stated, ozone is able to activate the cool flame for iso-
octane/air/ozone mixture at temperature above 560 K. To identify which reactions are
involved in the cool-flame process, additional analyses have been carried out. Figure 3.10
shows the chemical reactions characterized by the highest values of the Absolute Rate of
Production (ARP) of iso-octane, ozone, and atomic oxygen for the case with 7000 ppm
of ozone and a temperature of the inlet mixture of 620 K, by using the modified Curran

mechanism, at the distance x* defined as:

dXon(x)

P } , 0 <x<495cm, (Eg3.3)

x*=x: max{
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where x is the distance from the inlet and X,y (x) is the molar fraction of OH. x* is the
distance corresponding to the maximum OH increase in the region ahead of the high-
temperature flame. In the case under consideration, x* is about 1 cm. The corresponding
temperature is T, = 650 K, i.e. 30 K higher than the temperature of the mixture at the
inlet. By definition, the ARP is negative if the specific chemical species is consumed,
otherwise it is positive. Figure 3.10 also shows the main reaction pathways leading to the
formation of OH, together with the ARP values. As regards 0zone decomposition, Figure
3.10 shows the reaction pathways with the Relative Rate of Production (RRP) greater
than 0.1% and the reactants or products involved in the reaction.

Figure 3.10(a) shows the ARPs of the 10 main reactions of the ozone reaction pathways.

Specifically, from the figure, it can be observed that the faster reactions are:
R3.1) 03+ N, = 0, + 0 + N,,
R3.2) 0; + H - 0, + OH.

Those two reactions account together for 84.1% of the total ozone decomposition,
I.e. R3.1 is responsible for 71.9% and R3.2 for 12.2%, as shown in Figure 3.10(e). Figure

3.10(b) shows the 10 fastest reactions for the fuels. These reactions are of three types:
R3.3) CgH,g + OH — CgH,, + H,O0,

R3.4) CgHyg + 0 — CgH,, + OH,

R3.5) CgHyg + H — CgHyy + H,.

Specifically, the sum of R3.3-type reactions is responsible for 88.7% of the total

CgH,g consumption, whereas R3.4-type reactions are responsible for 10.6%.

Finally, Figure 3.10(c) shows the fastest reactions that involve atomic oxygen.
Some of these reactions produce O and others consume it. The production of atomic
oxygen is primarily due to two reactions involving ozone: R3.1and 05 + 0, = 20, + O.
R3.1 is the fastest reaction for atomic oxygen production, followed by R3.4-type

consumption reactions.
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Figure 3.10. Absolute Rates of Production (ARP) and reaction paths at x* = 1 cm for a
stoichiometric CgHg/Air /03 mixture with 7000 ppm of 03 with the modified Curran
mechanism, P=1 bar, T; = 620 K. Highest ten ARPs for a) 03; b) CgH.g ; c) O. Main

reaction paths for d) production of OH; e) O3decomposition.

Therefore, ozone is decomposed very fast by R3.1 reaction producing atomic
oxygen. The atomic oxygen, being highly reactive, attacks the CgH;5 molecules by R3.4
reaction producing OH radicals that advance the oxidation, as shown in Figure 3.10(d).
As a matter of fact, at the pipe inlet (x = 0 cm) with T; = 620 K the R3.1 reaction
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6 Mol i o with about the same rate that

already occurs with an ARP of —1.73 X 107° —-,
cmes

occurs at x* with T~ = 650 K, which is shown in Figure 3.10(a). The reactions involving

iso-octane also occur very fast just after the pipe inlet. For instance, at x = 1073 ¢m the
reaction ICgH;g + O » CCgH;, + OH occurs with an ARP of —0.41 x 10~° % e

with the same order of magnitude corresponding to x* and shown in Figure 3.10(c). On
the other hand, for a mixture temperature equal to 500 K, ozone decomposes very slowly

up to the high-temperature flame, as also shown in Figure 3.9(a). At x = 4.95 cm the
ol

m
cm3s’

i.e. about 100 times lower than

R3.1 reaction proceeds with an ARP of —3 x 1078

the 620 K case, thus not allowing the oxidation reactions of iso-octane by atomic oxygen

and OH radicals to be efficiently initiated to start the cool flame.

3.1.4 Influence of mixture pressure

In this section, the influence of the mixture pressure on the chemical kinetics of
ozone and on the LFS of iso-octane/air/ozone and methane/air/ozone stoichiometric
mixtures is investigated. The modified Cai&Pitsch mechanism is used for iso-octane,
since it is in better agreement with the experimental data at higher pressure (Figure 3.3),

especially at ¢ = 1.

3.1.4.1 Influence of mixture pressure on ozone decomposition
The influence of pressure on the two main ozone reactions, i.e.
R3.1) O3+ N, = 0, + 0 + N,,
R3.2) 0;+ H - 0, + OH,

is analysed in Figure 3.11, which shows the total ozone ARP together with the ozone ARP

in R3.1 and R3.2 reactions as a function of distance from the inlet of the stream tube.
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Figure 3.11. Simulations of stoichiometric CgHg/Air/0; mixtures with 2330 ppm of
ozone for different values of pressure by using the modified Cai&Pitsch mechanism: a) 05
ARPs atT; = 300 K; b) H and CgH g mole fractionsat T; = 300 K; ¢) 0; ARPsat T; =
600 K; d) H and CgHg mole fractionsat T; = 600 K.

Three different pressures, i.e. 1, 2 and 3 bar, and two inlet temperatures, i.e. 300 K and
600 K, are considered for an iso-octane/air/ozone mixture with 2330 ppm 0. For the case
with an initial temperature of 300 K, the x-axis shows the region near the flame, whereas
for the case with an initial temperature of 600 K, the region upstream the flame is also of

interest since a cool flame occurs.

Figure 3.11 shows that the decomposition of ozone is very different depending on
the inlet temperature of the mixture. With a temperature of 300 K, as previously
discussed, only the high temperature flame is established and ozone decomposes very
close to the flame. Ozone decomposition occurs earlier and is slower when the pressure
is low. Specifically, the peak value of the total amount of ARP of O5 increases by 240%

and 570% for pressures of 2 bar and 3 bar, respectively, with respect to 1 bar case.

At the location where the total ozone ARP is maximum, reactions R3.1 and R3.2
contributes 88% to the total consumption of 05 regardless of pressure. Despite this, the
contribution of each reaction changes considerably as a function of pressure. When the
pressure is 1 bar, the ozone starts to mainly decompose by the R3.2 reaction, which occurs
due to the diffusion of hydrogen atoms from the flame region to the preheating zone, as
shown in Figure 3.11(b). Furthermore, the ARP peak value of R3.1 and R3.2 reactions
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are similar and, at the point where the 0zone ARP is maximum, R3.1 contributes 48% and
R2 39%.

As the mixture pressure increases, the contribution of R3.1 increases and that of
R3.2 decreases. Specifically, at the point where the ozone consumption rate is maximum,
R3.1 contributes 65% and 72% at 2 bar and 3 bar, respectively, whereas the contribution
of R2 decreases to 23% and 16% at 2 and 3 bar, respectively. The increase in pressure, in
fact, leads to a decrease in the diffusivity of the chemical species, so the amount of H in
the preheating zone is lower: for instance, where the mole fraction of CgH,g is 0.014, i.e.
84.6% of the initial amount, at 1 bar the mole fraction of H is 6.28 x 1076, whereas at 3
bar it is only 1.93 x 107°, i.e. more than three times less. On the other hand, R3.1, being

a third body reaction, is favoured by increasing pressure.

With a temperature of the reactants of 600 K a cool flame takes place, and, as
shown in Fig. 11c, the ozone ARP has a very different route. Regardless of the pressure,
the decomposition of ozone starts at the inlet of the tube, mainly due to R3.1 reaction,
whose ARP represents 93% of the total. In agreement with Fig. 9a for the 620 K case,
ozone is completely consumed before the high-temperature flame is established, as
inferred by the total ARP. At this temperature, the sum of the ARP of R3.1 and R3.2
reactions is about 93% of the total amount and is independent of pressure and spatial

location.

At 600 K, ozone decomposes much faster by increasing the pressure and this is
more pronounced with respect to the case at 300 K. For instance, with a pressure of 3 bar,
at 2.5 cm from the inlet the total ozone ARP is about 0, whereas at a pressure of 1 bar it
is approximately equal to its maximum value. At 1 bar, the total ARP of ozone changes
slightly from the pipe inlet to about 3 cm, and the maximum value is obtained at 2.64 cm,
where the ARPs of R3.1 and R3.2 reactions are nearly the same and equal to 46%. On the
other hand, at 2 and 3 bar the total ozone ARP monotonically decreases in the pipe, with
a faster decrease in the case of high pressure. At the pipe inlet, the peak value of the total
ARP of 05, compared to the case with P =1 bar, increases by 300% and 800% with
pressures of 2 and 3 bar, respectively.

Based on these results, it can be expected that for even higher pressures, with a
temperature high enough to generate a cool flame, ozone should mainly decompose by

means of R3.1 reaction and this will take place so fast that it will be ended in a very short
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distance. In this way, the reactions of fuel with atomic oxygen take place very fast,
resulting in a higher LFS.

3.1.4.2 Influence of mixture pressure on LFS

In order to analyse the influence of pressure on the LFS for the two fuels, several
simulations have been carried out with different operating conditions, in terms of
temperature (from 500 to 600 K), pressure (from 1 to 20 bar) and ozone concentration
(from 0 to 7000 ppm). Figure 3.12 summarises the results in terms of LFS as a function
of pressure. Without ozone LFS decreases as pressure increases, regardless of inlet
temperature, for both methane and iso-octane mixtures. With ozone addition to the

mixtures, the LFS dependence on pressure is different for the two fuels.

For methane, the LFS decreases by increasing pressure, with a trend similar to the
case without ozone. As expected, if ozone concentration is higher, LFS is higher, but for
a given ozone concentration and temperature of the reactants, pressure only slightly
affects the benefit of adding ozone. Indeed, at 600 K with 7000 ppm of ozone, the increase
of the LFS, compared to the case without ozone, is 4.2%, 5.4%, 5.9%, 6.2% and 6.4%
with 1, 5, 10, 15 and 20 bar, respectively.

For iso-octane mixtures, pressure has a very different influence depending on both
the ozone concentration and the temperature of the reactants. Indeed, Figure 3.12 shows
that, as long as the temperature of the reactant mixture is less than or equal to 540 K, the
LFS decreases with increasing pressure for all the ozone concentrations. Furthermore, in
this temperature range, it can be observed the influence of the cool flame on the widening
of the beam of curves as the temperature increases: at 540 K the addition of ozone
increases the LFS to a greater extent than in the case with 500 K. On the other hand, for
higher temperatures, the trend is not monotonic as a function of pressure but, for pressures
higher than a certain threshold, the LFS increases with pressure if air is ozonized. Such a
threshold is lower if temperature and/or ozone concentration are higher. These results
show that ozone is able to counterbalance the LFS decrease due to the increase in pressure
if temperature is sufficiently high, in agreement with similar results obtained in [53] with

additives (H,, C0,05) addition to Haltermann gasoline.
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Figure 3.12. LFS as a function of pressure for stoichiometric CgHqg/Air/05 and
81118 3

CH,/Air/03 mixtures with different ozone concentrations and for different reactant

temperatures.
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The relative increases of the LFS, compared to the case without ozone, as a

function of pressure are given in Table 3.1 for selected cases.

Table 3.1. Relative increase in LFS compared to the case without ozone for the
stoichiometric CgHqg/Air /03 mixture using the modified Cai&Pitsch mechanism.

Ozone 2330 2330 2330 7000 7000 7000

concentration ppm ppm ppm ppm ppm ppm

Temperature | 500 K 540 K 600 K 500 K 540 K 600 K
P =1 bar 1.2% 2.0% 20.2% 3.8% 6.1% 23.7%
P =5Dbar 2.5% 4.4% 24.1% 7.5% 14.5% 28.9%
P =10 bar 3.1% 4.6% 26.8% 9.7% 17.0% 34.7%
P =15 bar 3.6% 4.71% 32.5% 10.5% 18.6% 72.1%
P =20 bar 3.7% 4.8% 47.4% 10.8% 20.5% 164.6%

In order to clarify the results shown in Figure 3.12, sensitivity analyses have been
carried out by using both the methane mechanism and the modified Cai&Pitsch
mechanism for CgH,g for three values of pressure, i.e. 1, 10 and 20 bar, both with 7000
ppm of O; and without ozone. The case with a reactants temperature of 600 K has been
considered, since at this temperature a non-monotonic trend of LFS as a function of
pressure for CgH,g and ozonized air is found. Besides, this trend is more severe at 600 K
with respect to the other cases at lower temperatures. The results of the sensitivity
analyses are shown in Figure 3.13 and Figure 3.14. For each condition, the 10 reactions,

to which the LFS is most sensitive, are given.
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CH‘ Mechanism at Ti =600 K
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Figure 3.13. LFS sensitivity coefficients for CH, mechanism at T; = 600 K, with and
without ozone and for different pressures.
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Cai&PitschModif Mechanism at Ti =600 K
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Figure 3.14. LFS sensitivity coefficients for CgH1g modified Cai&Pitsch mechanism at
T; = 600 K, with and without ozone and for different pressures.

As shown in Figure 3.13, the main reactions for methane are the same with and
without ozone, and a slight change of the corresponding sensitivity coefficients is

observed for ozonized air. Specifically, the sensitivity of the reaction H + 0, 2 0 + OH
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decreases with the addition of ozone, whereas the sensitivity of HO, + CH; 2 OH +
CH;O0 increases. This means that the increase of LFS with ozone is mainly due to the
reaction pathway of HO,. On the other hand, the reduction of LFS, as pressure increases,
is mainly due to an increase of the negative sensitivity coefficients of the reactions OH +
HO, 2 0, + H,0; H+ CH; (+M) 2 CH, (+M).

As regards iso-octane, the sensitivity analysis shows large differences with and without
ozone, as pressure increases (Figure 3.14). In the absence of ozone, the main reactions
remain the same, regardless of pressure. This is also observed for methane. Specifically,
the main reaction is H + 0, & 0 + OH, whose sensitivity coefficient shows an increase
with pressure. With the addition of 7000 ppm of ozone, at low pressure, i.e. 1 bar, the
sensitivity coefficients of the important reactions CO + OH 2 C0O, + H and HCO +
M 2 CO + H+ M show a slight increase with respect to the case without ozone.
Furthermore, the importance of the following reactions IXCgH,5 + OH 2 BXCgH,; +
H,0; BXCgH,,0, » BCgH,,00HXD; CH;0,+ HO, 2 CH;0 + OH + 0, which are
in the upper Kkinetic chain, increase as well. It can be observed that, as the pressure
increases from 10 to 20 bar, the sensitivity coefficients of the above reactions increase
such that they become the most important reactions with respect to the case without
ozone. Specifically, the sensitivity coefficient of the reaction IXCgH.g+ OH 2
BXCgH,7 + H,0 changes from a negative value, in the absence of ozone, to a high
positive value with ozone addition. Other relevant reactions for the LFS are:
RH,0, (+M) 2 20H + M; [XCgH,3 + OH 2 DXCgH,; + H,0; CH30, + HO, 2

CH30 + OH + 0,. The analysis shows that the increase of LFS with ozone addition at
high pressure and temperature is mainly due to the OH reaction pathway. As shown in
Figure 3.9, for the case with ozonized air, at relatively high temperatures, the production
of OH radicals enables the formation of the cool flame. Figure 3.10 shows that OH
radicals are mainly produced by reactions CgH,5 + O 2 (A,B,C,D)CgH,7 + OH. The
atomic oxygen, which reacts with fuel molecules, is produced by ozone decomposition
through the reaction O; + N, - 0, + O + N,. Such a reaction is promoted and
accelerated as pressure increases, especially at higher temperatures, as shown in Figure
3.11. Hence, the increase of LFS at higher temperatures and pressures is a direct

consequence of the speed up of ozone chemical kinetics in the cool flame region.
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3.2 Ozone effect on ignition delay time of iso-octane/air mixtures

Similar to the approach taken in section 3.1 for LFS, the aim of the following
analyses was to investigate the ozone effect on the Ignition Delay Time (IDT) of iso-
octane/air/ozone mixtures. Changing the reaction pathways and enabling the LTC regime,
ozone could influence the IDT of the mixture significantly for internal combustion
engines applications. The IDT plays a key role in internal combustion engines, both in
compression ignition engines, to achieve an optimised combustion phase, and in Spark
Ignition engines, where the auto-ignition phenomena that could occur in regions not yet

invested by the flame could lead to knocking or loss of performance.

Simulations were conducted using the modified kinetic mechanisms of Yoo and
Curran presented in section 2.1.1.2. Specifically, the most widely used mechanism was
the modified Yoo mechanism, since it is employed for the CFD calculations in order to
preserve the computational cost; the modified Curran mechanism (which is the more

detailed one) was only used to make a comparison between the two mechanisms.

At first the model has been validated against experimental data, then several
simulations have been performed, by varying ozone concentrations, temperature, pressure
and equivalence ratio of the fresh mixtures from 0 to 1000 ppm referred to the iso-
octane/air/ozone mixture, from 600 K to 1250 K, from 5 bar to 40 bar, and from 0.4 to 1,

respectively.

3.2.1 Model validation

The reaction mechanism is validated, in terms of IDT, by comparing the numerical
results with measurements available in the scientific literature for mixtures of iso-octane
and air with different equivalence ratios, since experimental results with mixtures of iso-

octane and ozonized air are not available in the literature.

Figure 3.15 shows the comparison between the numerical results in terms of IDT
and the experimental data available in the literature [153-155,187,188], as a function of
equivalence ratio, both at ambient conditions and considering higher values of pressure
and temperature. Figure 3.15(a) shows that the model is able to reproduce the
experimental data with a good accuracy in the stoichiometric case at 20 bar. Specifically,
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the Negative Temperature Coefficient (NTC) region is reproduced very well, both in
terms of temperature range and IDT values. In the lean case (¢ = 0.4) the numerical
results are in good agreement with experimental data at 20 bar, as shown in Figure
3.15(b), even if the model underestimates the measurements in the NTC region (720-820
K), and overestimates the experimental data for T > 980 K. On the other hand, with ¢ =
0.4 at 40 bar, the model overestimates the available measurements in the range 640-720
K, but the trend is well captured. In summary, the model is able to predict the IDT values
of an iso-octane/air mixture fairly well, under different temperature and pressure

conditions, for both the stoichiometric and the lean cases.
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Figure 3.15. Comparison between experimental [153-155,187,188] and numerical results
for iso-octane/air mixtures in terms of Ignition Delay Time for: (a) 20 bar, ¢p = 1; (b) 20
and 40 bar, ¢ = 0.4.
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Figure 3.16 shows the comparison between the modified Yoo mechanism and the
modified Curran mechanism under different pressure and temperature conditions in the
stoichiometric case. The results show that the pressure increase results in a reduction of
the IDT, a shift of the Negative Temperature Coefficient (NTC) region to higher
temperatures and a reduction of the NTC effect. The two reaction kinetic mechanisms
give similar IDT values, especially at higher pressures and in the temperature range 700-
1000 K.
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Figure 3.16. Comparison of IDT between modified Yoo and Curran mechanisms for
stoichiometric iso-octane/air mixtures, for different initial temperature and pressure

conditions.

3.2.2 Ozone effect on IDT

Figure 3.17 shows the ozone effect on IDT both under stoichiometric conditions
and for ¢ = 0.5. Figure 3.18, on the other hand, shows the IDT as a function of ozone
concentration under different conditions of initial temperature and equivalence ratio.
Finally, Figure 3.19 shows the IDT relative percentage variation with respect to the case

without ozone, for stoichiometric cases and with ¢ = 0.5, i.e.

IDTy,_ — IDT,

Epr = IDT, ) (Eq3.4)
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where IDTxogand IDT, are the IDT values in the case with X,, ppm of ozone and in the

case without ozone, respectively.
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Figure 3.17. Ozone effect on Ignition Delay Time as a function of initial temperature of
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function of initial temperature of the mixture for different ozone concentrations in iso-

octane/air/ozone mixtures at 20 bar: a) ¢ = 1; b) ¢ = 0.5.

Figure 3.17 shows that ozone reduces the IDT throughout the temperature range
considered, both under stoichiometric and lean mixture conditions with a more
pronounced effect as ozone concentration is increased. Furthermore, in the case ¢ = 0.5,
the increase in ozone concentration reduces the NTC effect. Figure 3.17(c) shows that, in
the case ¢ = 0.5, the addition of 100 ppm ozone in the 10 bar case reduces the IDT to

significantly lower values than in the 20 bar case without ozone for temperatures below
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680 K, while in the temperature range 850-950 K the IDT assumes approximately the
same values in the 10 bar case with 100 ppm ozone and the 20 bar case without ozone.

Figure 3.18 shows that the ozone addition results in a reduction of the IDT with a
stronger effect in the case of low temperatures: at 620 K the IDT in the case without ozone
Is 311 ms and 267 ms for the cases at ¢ = 0.5 and ¢ = 1, respectively, while with the
addition of 100 ppm ozone the IDT values become 30.4 ms and 19.9 ms, respectively; at
900 K, on the other hand, the IDT is decreased from 18.84 ms and 11 ms without ozone,
to 10.61 ms and 6.7 ms with the addition of 100 ppm of 04, for the cases at ¢ = 0.5 and
¢ = 1, respectively. Moreover, the reduction of IDT with ozone addition is not linear,
and increasing ozone concentration reduces IDT progressively slower, especially at low
temperatures: for example, in the stoichiometric case at 700 K, IDT is reduced by 26.31
ms with the addition of 500 ppm ozone, whereas with 1000 ppm ozone, IDT is reduced
by 29.94 ms with respect to the case without ozone, therefore the use of an additional 500

ppm of 05 reduced IDT by only 3.63 ms.

The greater effect of ozone addition at low temperatures can also be observed in
Figure 3.19. Specifically, at 600 K ozone addition reduces the ignition delay by 89-99%,
depending on the specific 0zone concentration, for both lean and stoichiometric cases. By
increasing the initial temperature of the mixture, the effect of ozone on IDT is smaller,
and increases again in the range 720-820 K, especially in the case of lean mixture and
higher ozone concentrations, due to the NTC effect, which occurs mainly in the case
without ozone and with ¢ = 0.5. From 820 K to 1250 K, on the other hand, the percentage
variation of IDT has a monotonic decreasing trend because the higher the temperature,
the more it governs chemical kinetics almost exclusively, regardless of other factors such
as the addition of ozone. Specifically, at 1200 K an ozone concentration of more than 200
ppm is required to achieve an IDT percentage reduction of more than 5%, for both the
lean and stoichiometric cases. Additionally, the results show that the percentage reduction
of IDT with ozone addition is greater in the stoichiometric case in the temperature range
600-800 K, especially at lower temperatures, whereas in the temperature range 820- 1250

K the percentage reduction is greater in the case ¢ = 0.5.

These results suggest that, if the mixture temperature is high, the addition of ozone
does not lead to a significant benefit in terms of percentage reduction of IDT, because

temperature plays a major role in chemical kinetics. On the other hand, if temperature is
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relatively low, and reactions are slow, ozone is able to modify the reaction pathways,
accelerating the reactions that lead to auto-ignition.
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4. Chapter 4. Investigation of ozone effects in HCCI
engines

This chapter will present the results obtained from simulations of possible
applications of ozone in HCCI engines fuelled with iso-octane. These analyses concerned:
the calculation of the Ignition Delay Time (IDT) under HCCI engine-like thermo-
chemical conditions, and closed valve cycle simulations of an HCCI engine with ozone
addition. Analyses were conducted covering a wide range of operating conditions

depending on the aim of the investigation.

4.1 IDT of iso-octane/air/ozone mixtures under HCCI engine-like

thermo-chemical conditions

In section 3.2, simulations were conducted to investigate the effect of ozone on
the IDT in an iso-octane/air-ozone mixture in the case of ozone concentrations greater
than 100 ppm and equivalence ratios greater than ¢ = 0.5. In HCCI engines, on the other
hand, lower equivalence ratios are generally used (¢p =~ 0.3) in order to prevent the almost
simultaneous auto-ignition in different spots of the chamber producing too fast heat
release. In addition, it has been found in the scientific literature [102,105-107] that, in
these engines, units or at most tens of ppm of ozone are sufficient to obtain a significant
change in the characteristic parameters of combustion (auto-ignition timing, heat release

rate, combustion duration).

In this scenario, the aim of the following analyses is to investigate the influence
of ozone on IDT of a very lean iso-octane/air/ozone mixture (¢ = 0.3) under typical
HCCI engine conditions. It is well known that the control of auto-ignition time plays a
major role for the combustion development in these engines. By investigating different
thermodynamic conditions, in terms of pressure, temperature and 0zone concentrations,
parametric analyses were conducted and the chemical evolution of the mixture was
analysed. The same model described and validated in section 3.2 was used, employing

the modified Yoo mechanism.
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4.1.1 Ozone effect on IDT of very lean iso-octane/air/ozone

mixtures

Ozone effect on IDT of iso-octane/air/ozone mixtures was investigated by
considering an initial temperature ranging from 500 K to 1200 K, with a step of 20 K.
Figure 4.1 shows IDT values as a function of temperature and the IDT relative percentage

variation with respect to the case without ozone, computed with equation Eq3.4.
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Figure 4.1. Ozone effect on Ignition Delay Time as a function of initial temperature of the
mixture for different ozone concentrations in iso-octane/air/ozone mixtures at 20 bar and
¢ = 0.3, in terms of: (a) IDT; (b) IDT relative percentage variation with respect to the
case without ozone.

As shown in Figure 4.1, the addition of ozone reduces the IDT throughout the

temperature range considered, with a more pronounced effect as ozone concentration is
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increased. Furthermore, Figure 4.1(a) shows that, for all cases with ozone, the mixtures
ignite at lower temperatures than those for the case without ozone. Specifically, by
running a 2-second-long simulation, with the addition of ozone, auto-ignition occurs
when the initial mixture temperature is equal or higher than 560 K, whereas without ozone
the minimum temperature for auto-ignition is 600 K. Ozone concentration effect is more
pronounced at low temperatures: at 560 K, the IDT in the case with 50 ppm of ozone is
653.8 ms lower than that for the case with 10 ppm. On the other hand, the profiles for the
cases with ozone tend to converge in the temperature range 680-760 K, with a maximum

difference between the case with 50 ppm and the case with 10 ppm equal to 6.5 ms.

Another effect due to ozone addition, and proportional to its concentration, is the
reduction of the NTC phenomenon, which can be observed in Figure 4.1(a) in the
temperature range 700-850 K. For the case with 50 ppm, IDT, as a function of
temperature, shows an almost monotonic non-increasing trend, with an inflection between
700 and 780 K where IDT ranges between 72.3 and 73.3 ms. Figure 4.1(b) shows that the
percentage reduction in IDT, with respect to the case without ozone, is greater at low
temperatures. At 600 K, the IDT for the case without ozone is equal to 923.5 ms and
ozone addition reduces the ignition delay by 70-80%, depending on the specific ozone
concentration. By increasing the initial temperature of the mixture up to 740 K, the effect
of ozone on IDT is smaller, and increases again in the range 740-820 K due to the NTC
effect, which occurs mainly in the case without ozone. From 820 K to 1200 K, on the
other hand, the percentage variation of IDT has a monotonic decreasing trend leading to
zero. Specifically, at 1200 K, the percentage decrease of IDT in the cases with 10 and 50

ppm ozone is 0.4% and 2.2%, respectively.

Similar to the results obtained in section 3.2 for higher equivalence ratios and
ozone concentrations, relatively low temperatures are required to achieve a significant
percentage reduction in IDT. For instance, with 50 ppm of ozone at 680 K IDT is equal
to 80 ms, and is comparable to the IDT in the case without ozone at a temperature of 840
K. To understand the effect of ozone on chemical kinetics, Figure 4.2 shows the profiles
of temperature and mole fractions of some species as a function of time for a mixture with

an initial temperature equal to 600 K and for the cases without ozone and with 30 ppm.

107



(@ 410 1600
IL' 1
IS cTTT Tt T T BN 1400 &
g4 ' L 11200 S
= P 5
o - = OppmO; CH g ‘| : ©
g | ——30ppmO, CH, | 1 {1000 &
© 2 - — OppmO, T i ! =
- ’ V.7 |80
L, ——30ppmO, T <
Q /A N
0 : ' = 600
0 200 400 600 800 1000
Time [ms]
(b) 3
7 50510 1605
LN —30ppm03 CsH1s
_5 495! ——30ppm0O, T 1604 &
g o
g 1603 5
© 485} ©
£ 1602 8
2475+ 5
L 1601
[oe]
o
4.65 : : : : : 600
0 5 10 15 20 25 30
Time [ms]
() A %107®
- — ~ oo, :
S 3t —SOpme3 :: :
— I|
o by
HQ_J 2T i !
© 1 1
E 1 L 1 1
T r !
O o1 !
0 | 1 - — s | b d 1
0 200 400 600 800 1000
Time [ms]
. -9
(d) ,x10 ° X10
- —_ 30ppm03 O3 E
S 3 ——30ppmO, OH 2
= ——30ppm0,0 | 4 @
(] —
E 21 Q
5 £
o 2
E 4l T
o’ ©
o
0 : : : 0
0 5 10 15 20
Time [ms]

Figure 4.2. Characterization of chemical Kkinetics for iso-octane/air/ozone mixtures at
20 bar,600K and ¢ = 0.3: (a) CgH g mole fraction and temperature vs time with 30 ppm
of 05 and without 03; (b) CgH g mole fraction and temperature vs time with 30 ppm of 05
- blow-up; (c) OH mole fraction vs time with 30 ppm of 05 and without 05; (d) 03, 0 and

OH mole fractions vs time with 30 ppm of 0.
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Figure 4.2(a) and (b) show iso-octane mole fraction and temperature as a function
of time in the cases with 0 and 30 ppm of ozone and with initial temperature equal to 600
K. The auto-ignition occurs both with and without ozone with a delay equal to about 200
ms and 900 ms for the cases with 30 ppm ozone and without ozone, respectively.

However, fuel consumption occurs differently for the two cases.

Figure 4.2(b), which is a blow-up of the profiles of Figure 4.2(a) for the case with
ozone, reveals that both iso-octane and temperature profiles change concavity in the first
30 ms, with an inflection around 15 ms. This means that, with ozone, fuel is immediately
consumed, with an initial rate that first decreases and, after the inflection, increases. In
the case without ozone, on the other hand, fuel starts to slowly decompose, with the fuel
profile maintaining the same concavity up to the end of the first-stage of ignition, as
shown in Figure 4.2(a). This is because, with ozone addition, iso-octane consumption is
due to the reaction CgH;5 + O 2 CgH;, + OH, and the reagent O is made available by
the decomposition of ozone through the reaction 0; + N, 2 0, + O + N,. Therefore,

these reactions play a key role in the advance of IDT.

Figure 4.2(c) compares OH profiles for the cases without ozone and with 30 ppm
of 05 and with an initial mixture temperature equal to 600 K. The shapes of the two
profiles are very similar: OH mole fraction reaches a maximum at the first-stage ignition
timing, then decreases and increases once more when the main combustion occurs.
However, for the case with ozone, OH production occurs earlier, and the first peak value

is higher than in the case without ozone.

Figure 4.2(d) shows that, at 600 K, ozone is consumed within 10 ms, and oxygen atoms
and OH radicals are immediately produced. Oxygen atoms, as 0zone, are consumed very
quickly, while OH smoothly decreases and then increases, following the trend of Figure
4.2(c). Such a trend could be explained by the reaction pathways of fuel oxidation: at 600
K arapid decomposition of o0zone takes place, resulting in the production of oxygen atoms
that oxidize the fuel, producing OH radicals. OH is consumed by the reaction CgH;g +
OH 2 CgH,; + H,0, which continues fuel oxidation, leading to an advance in IDT.
These phenomena lead to auto-ignition even at temperatures below 600 K when ozone is

added to the mixture, as shown in Figure 4.2(a).
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4.1.2 Pressure effect on IDT of very lean iso-octane/air/ozone

mixtures

To investigate the simultaneous effects of pressure and ozone addition on the
ignition delay time of iso-octane/air/ozone mixtures, simulations were carried out by
investigating the pressure range 15-40 bar, with a step of 5 bar. Ozone concentration was
varied from 0 to 50 ppm, whereas the initial temperature of the mixture was changed from

500 to 1200 K.

Figure 4.3 shows the IDT as a function of temperature and the 05 profiles as a

function of time, for different cases.
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Figure 4.3. Effect of pressure and ozone addition for iso-octane/air/ozone mixtures at ¢ =
0.3, in terms of: (a) IDT vs initial mixture temperature; (b) Ozone mole fraction vs time
at 700 K with 30 ppm of 05.
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Figure 4.3(a) shows that, as expected, IDT decreases with increasing pressure and
that higher pressures lead to a reduction in terms of NTC effect, both without ozone and
with ozone. Furthermore, with the addition of 50 ppm of ozone, auto-ignition occurs at
lower temperatures than for the case without ozone. For instance, for the cases with 35
and 40 bar the mixture with an initial temperature equal to 540 K auto-ignites in a 2-
second-long simulation. Figure 4.3(b) shows that, at given temperature and ozone
concentration, ozone decomposition is faster with increasing pressure. This is due to the
decomposition of ozone by the reaction O; + N, 2 0, + 0 + N,, which, as a third-body
reaction, is favoured by increasing pressure, as discussed in detail in section 3.1.
Consequently, fuel oxidation and OH production, discussed in section 4.1.1, occur faster,

resulting in a more pronounced reduction in terms of IDT.

Figure 4.4 shows the relative percentage variation of IDT as a function of ozone
concentration and for different pressures at given temperatures. For any given pressure,
the effect of ozone on the percentage reduction of IDT is higher at low temperatures.
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Figure 4.4. IDT relative percentage variation with respect to the case without ozone, as a
function of ozone concentration, for iso-octane/air/ozone mixtures at ¢ = 0.3, for
different pressures at given initial temperatures.

At 600 K, as shown in Figure 4.4, the percentage reduction of IDT increases with

increasing pressure for all ozone concentrations. As pressure increases, however, ozone
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effect is progressively less important. Furthermore, from the slope of the curves, it can be
seen that the effect of ozone addition tends to decrease with increasing ozone

concentration.

On the other hand, at 800 K, as shown in Figure 4.4, pressure has the opposite
effect on the percentage variation of IDT compared to the case at 600 K. This reversal of
the pressure effect occurs in the temperature range 760-840 K, gradually appearing and
disappearing, with an intersection of the various profiles at temperatures close to the
limits of the range, and is due to the shift of NTC region towards higher temperatures
when pressure increases. For instance, as shown in Figure 4.3(a), for the case without
ozone the relative minimum and maximum values in terms of IDT as a function of
temperature occur at 720 K and 800 K for the 15 bar case, respectively; whereas, at 40

bar the relative minimum and maximum occur at 780 K and 840 K, respectively.

For temperatures higher than 840 K, IDT percentage variation decreases again as
pressure increases, as shown in Figure 4.4 in the case 1000 K. Finally, when the
temperature is very high, as shown in Figure 4.4 in the case 1200 K, both ozone and
pressure have less influence on the percentage reduction of IDT, since, as discussed in
section 3.2 and section 4.1.1, it is the temperature that mainly addresses the chemical

kinetics.

Therefore, with the exception of the temperature range 760-840 K and of very
high temperatures, ozone has a greater impact on the percentage reduction of IDT when

pressure is higher.

4.2 2-D closed-valve cycle simulations of an HCCI engine

The aim of the following analysis was to evaluate the combined effect of ozone
and residual gases in an HCCI engine. As discussed in section 1.2.1, in this type of engine,
auto-ignition and the entire combustion process are governed by complex chemical
kinetics, which is influenced by many factors including turbulence, mixture composition

and the amount of residual gases.

The simulations were carried out by considering a test case from the literature

[107]. Specifically, in [107], the authors conducted an experimental campaign on a
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cylinder of an engine operating under HCCI conditions with the characteristics presented
in Table 2.3. In the experimental campaign, vaporized iso-octane, air and ozone were
mixed in a plenum located upstream of the intake duct, and maintained at a temperature
of 473 K; the intake pressure was 1 bar. After the plenum, an ozone analyser measured
the ozone concentration according to the capacity of the ozone generator. The
experimental data were collected in terms of in-cylinder pressure, from 30 CAD BTDC
to 30 CAD ATDC every 0.1 CAD, during 100 working cycles, when the ozone generator
operated at capacities of 0, 5, 30 and 100% corresponding to ozone concentrations of 0,
3.1, 16 and 35 ppm, respectively. The combustion characteristics, such as the Heat
Release Rate (HRR), were obtained from in-cylinder pressure profiles with

thermodynamic considerations.

In this work, closed-valve numerical simulations were carried out: specifically,
simulations started at Intake Valve Closing (IVC = 157° BTDC) and ended at Exhaust
Valve Opening (EVO = 140° ATDC). The simulations have been performed by using the
modified Yoo mechanism presented in section 2.1.1.2, with the computational grid
presented in Figure 2.6. A perfectly homogeneous mixture was considered at IVC,
containing iso-octane, air, ozone and residual gases with different mass percentages (0, 5
and 10%), to take into account the residuals that remained trapped in the top dead center
volume between one work cycle and the next. Concerning the composition of residual
gases, two cases were considered. The first one concerned the calculation of the mass
fractions of residuals from both the equivalence ratio (¢ = 0.3) and the stoichiometry of

a single global combustion reaction:
R4.1) CgH,g + %02 + 3.76%% + 10,05 — 8C0, + 9H,0 + +%(1 — $)0, +

25
3.76%1\,2 + Tl0303

where n,, are the ozone moles considered non-reactive in the calculation of residual gas
composition. Therefore, in this case the only species contained in the residual gases were
CO, and H,0. The second case concerned the computation of the residual gases mass
fraction from the composition obtained at the exhaust valve opening (EVO), i.e. at the
end of the simulations with the previous approach. In this case, all chemical species that
had a concentration greater than 1 ppm were considered, and the following system was

solved for the calculation of the residuals mass fractions:
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( ZY{ = RG, i=1,..,NEVO

Yll’ EVO : EVO P P (Eq41)
?=ai , i=1,.., N ANiF]j

where the unknown Y; is the i-th mass fraction of the generic species in residuals
composition, NEVO is the number of species at EVO with a concentration greater than 1
ppm, RG is the normalised value of the residual gas mass with respect to the total mass,

Y is the mass fraction of a generic species in residual gas, and aFV0 is the ratio between

the mass fractions of species i and j at EVO.

The same ozone concentrations, referred to the iso-octane/air/ozone mixture, as in
the experimental campaign were considered. The swirl ratio was set to 1 with a gas
velocity linearly proportional to the distance from the cylinder axis (i.e., a rigid body
profile), and the initial conditions in terms of turbulent Kinetic energy (k) and its
dissipation rate (&) were evaluated by using the equations Eq2.78 and Eg2.79. The initial
and boundary conditions in terms of wall temperature, gas temperature at IVC and
pressure at IVC are discussed in detail in section 4.2.1 concerning the validation of the
model.

4.2.1 Model validation

The validation of the model was carried out by comparing the pressure profile, the
heat release rate profile and the reduction, with respect to maximum values, of some

polluting emissions of the simulations with the experimental ones in [107].

Figure 4.5 shows the results in terms of pressure and heat release rate. The grey
areas represent the areas of variability of the experimental traces, i.e. the set of traces
obtained with 100 cycles. The initial and boundary conditions, in terms of temperature at
IVC T;, wall temperature T,,, and pressure at IVC P;, relative to each case are shown in
the legends, with temperature values expressed in K and pressure values expressed in bar.
For validation, 5% by mass of residual gases were considered, in terms of CO, and H,O0,

calculated via the reaction R4.1.
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Figure 4.5. Comparison between experimental [107] (grey areas) and numerical results for

the model validation, in terms of: (a) in-cylinder pressure; (b) Heat Release Rate.

As shown in Figure 4.5, slightly different values of the initial and boundary
conditions were used in the cases with different ozone concentrations at I\VC. Ozone, in
fact, significantly modifies combustion efficiency and, consequently, the average
pressure profile in the chamber. Without ozone, combustion takes place with an efficiency
that varies considerably from cycle to cycle in the experimental case and is always lower
than for the cases with ozonated air: the total heat released, on average, for the case
without ozone is more than 16% lower than the case with 35 ppm 05. For these reasons,

it is reasonable to assume that the initial and boundary conditions were different for the
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different cases. Specifically, the initial pressure was set for the different cases in order to

have approximately the same mass of gas mixture in the engine chamber.

The results show that, for all cases, the numerical pressure profiles fall within the
experimental areas. The numerical HRR profiles are in good agreement with experiments,
with slight differences for the cases with high cycle-to-cycle variability. However, it must
be considered that the experimental HRR profiles were obtained from the pressure
profiles on the basis of thermodynamic considerations. Numerically, without ozone the
pressure peak occurs at about 9.8 CAD ATDC with a value of 42 bar; in the case with 35
ppm ozone, however, the pressure peak is advanced at 1.5 CAD ATDC, with a value of
58.5 bar. Concerning the HRR, without ozone, the peak occurs at about 7 CAD ATDC
with a value of 32.3 JJCAD, and the CA50 (crank angle at which 50% of the total heat
has been released) is 7.8 CAD ATDC; in the case with 35 ppm ozone, the HRR peak is
obtained at 5 CAD BTDC with a value of 67.2 JJCAD, and the CA50 is 4.7 CAD BTDC.
As in the experimental case, combustion efficiency is different for cases with different
ozone concentrations. Specifically, the total heat released is 283 J, 293.5 J, 302.2 J and
305.4 J for the cases with 0, 3.1, 16 and 35 ppm ozone, respectively.

4.2.1.1 Effect of residual gas composition

The same simulations were carried out under the same conditions, but calculating
the composition at 1VC considering the composition of the residual gases that was
obtained at EVVO in the various cases, thus using the methodology described through the
system of Equations Eg4.1. Specifically, all species with a concentration greater than 1

ppm at the EVO were considered.

The results are very similar to those obtained with the simplified composition. In
particular: the pressure profiles differ by a maximum of +0.46 bar, a value that occurs for
the case without ozone at 7 CAD ATDC; the HRR profiles differ by a maximum of +1.89
J, avalue that occurs for the case without ozone at 5.9 CAD ATDC,; the greater difference

in terms of the total heat released is +2 J and occurs in the case without ozone.

Figure 4.6 shows the reductions, with respect to maximum values, of exhaust
pollutants of both unburned hydrocarbons (UHCs) and nitrogen oxides (NO,) as a

function of the crank angle at which the pressure peaks occur in the experimental case,
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both in the simplified (R4.1) and extended (Eg4.1) mixture composition cases. The crank
angle at which the pressure peak occurs (CApn,ax) 1S related to the capacity of the ozone
generator; specifically, as the ozone concentration increases, the pressure peak advances,

as shown in Figure 4.5(a).

Numerical results show good agreement with experimental results for both UHCs and
NO,, with minimal differences between the simplified and the extended mixture. With
increasing ozone concentration, and thus with decreasing CApp.x, Unburned
hydrocarbons decrease to about 26% and 19% of the amount obtained without ozone for
experimental and numerical cases, respectively, due to more complete combustion. For
example, considering only iso-octane, in the case without ozone at the exhaust remains
about 4.66% and 5% of the initial mass for the cases with extended and simplified
mixture, respectively, while in the case with 35 ppm of ozone only 0.47% and 0.46%
remains for the same cases. This is the amount of fuel trapped in the crevices, where no

combustion takes place.

On the contrary, nitrogen oxides decrease as the ozone concentration decreases,
and thus with increasing CAppax- AS NO, are produced by the high local temperatures
reached in the chamber, they are found in greater quantities where combustion has been
faster and more complete. Comparison between numerical and experimental results for
nitrogen oxides gives more marked differences, especially with the decrease in ozone
concentration. These differences are mainly due to the positioning of the numerical curves
within the experimental cycle-to-cycle variability areas: as shown in Figure 4.5(a), in the
cases without ozone and with 3.1 ppm ozone, the numerical curves are in the upper
portion of the respective experimental variability areas, so they are probably
representative of the cases where combustion was more efficient and complete than in the
cycles considered for the experimental measurements, leading to a higher NO,

production.
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Figure 4.6. Comparison between experimental [107] and numerical results in terms of
exhaust pollutants reduction, with respect to the maximum values, as a function of the
crank angle at which the pressure peak occurs, both in the simplified and extended
composition cases: (a) unburned hydrocarbons (UHCSs); (b) nitrogen oxides (NOy).
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4.2.1.2 Effect of ozone with the same initial and boundary

conditions

To verify that the model was indeed able to predict the effect of ozone, and
therefore that the previous results were not merely the result of varying other
thermodynamic conditions, simulations were also conducted by changing only the initial
0zone concentration, maintaining the initial and boundary conditions of the case without
ozone with simplified composition mixture at IVC. Figure 4.7 shows the results in terms

of pressure, mass-averaged in-cylinder temperature, and heat release rate.

The results show a trend similar to that seen in Figure 4.5, but obviously with a
smaller effect. Specifically, with 35 ppm ozone, the peak pressure increases by 10 bar and
occurs 4.7 CAD earlier than in the case without ozone. In addition, the auto-ignition
timing is advanced by about 5 CAD and the HRR peak is advanced by about 5.5 CAD
and increases by 22 JJCAD, in agreement with the IDT reduction with ozone addition
discussed and investigated in section 4.1. The average in-cylinder temperature reaches a
maximum value of 1760 K with 35 ppm ozone, 150 K more than in the case without

ozone.

Defining combustion duration as the difference between CA90 and CA10 (i.e. the
crank angles when 10% and 90% of the total heat has been released, respectively), the
combustion parameters CA10, CA50, CA90, combustion duration and total heat released
are summarizes in Table 4.1. As it can be seen, in addition to advancing the mixture auto-
ignition, ozone also causes a reduction of combustion duration and a more complete

combustion.

Table 4.1. Combustion parameters for cases with different ozone concentrations at 1VC.
T;=480K, T, = 410K, P; = 0.97 bar.

OppmO; |3.1ppm O3 | 16 ppm 03 | 35 ppm O;
CA10 [CAD] 3.4 ATDC 259 ATDC | 0.52 ATDC 1.4 BTDC
CA50 [CAD] 798 ATDC | 6.97 ATDC | 4.26 ATDC | 1.89 ATDC
CA90 [CAD] 17.14 ATDC | 14.54 ATDC | 10.02 ATDC | 7.77 ATDC
CA90-CA10 [CAD] 13.74 11.95 9.5 9.17
Total heat release [J] 283 288 294 296
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Figure 4.7. Results obtained with T; = 480 K, T,, = 410 K, P; = 0.97 bar for different

ozone concentrations in terms of: (a) in-cylinder pressure; (b) in cylinder-temperature; (c)
heat release rate.
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In conclusion, considering that at engine regime the operating conditions vary in
the cases with different ozone concentrations at I\VVC, and therefore it is not ozone alone
that produces the results seen in Figure 4.5, it can be concluded that the model is able to

predict the effect of ozone addition in HCCI engines.

4.2.2 Effect of ozone and residual gas

Considering the cases validated against experimental data (with slightly different
initial and boundary conditions) but with the extended mixture composition (hereafter
referred to as EM), the combined effect of ozone and the amount of residual gas in the
chamber was evaluated. Figure 4.8 shows the fuel, ozone and heat release profiles for the

cases with different ozone concentrations but the same amount of residual gas (5% by

mass).
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Figure 4.8. Profiles of some quantities as a function of CAD for Extended Mixture (EM)
cases with 5% by mass of residual gases: a) ozone; b) iso-octane; ¢) cumulative heat
release; d) detail of cumulative heat release.
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Figure 4.8(a) and (b) show that both ozone and fuel are consumed during the
compression phase. In particular, ozone decomposition is mainly due to the reaction 05 +
N, 2 0, + 0 + N,; since at the same CAD the temperature is slightly higher at higher
0zone concentrations, the ozone decomposition reaction is favoured. Specifically, at -100
CAD (i.e. 100 CAD BTDC), ozone amount is greater than 99% of that at I\VC for all cases
considered; at -60 CAD (i.e. 60 CAD BTDC) the ozone levels in the chamber are 79%,
70.7% and 66.2% of that at IVC for cases with 3.1ppm, 16ppm and 35ppm ozone,
respectively; finally, at -20 CAD (20 CAD BTDC), the amount of ozone is less than 1%
for all cases.

The availability of oxygen atoms, produced by the ozone decomposition process,
enables the reactions CgH.g + 0 — CgH{; + OH and CgH,;3 + OH — CgH;; + H,0,
which consume the fuel before the natural auto-ignition. As shown in Figure 4.8(b), iso-
octane starts to be consumed earlier and to a greater extent in the cases with higher ozone
concentration. Specifically, at 20 CAD BTDC the mass of iso-octane is 89.2%, 94.7%,
99.2% and 100% of that initially available at IVC for cases with 35 ppm, 16 ppm, 3.1
ppm and O ppm ozone, respectively. The above chemical reactions, in addition to leading
to the production of radicals and intermediate chemical species, cause an acceleration of
the chemical kinetics in the initial stages of combustion, resulting in heat release. In cases
with ozone addition, in fact, a small amount of heat is released before the natural

combustion phase, as shown in Figure 4.8(c) and (d).

Then, using the EM composition in all cases, calculations were carried out by
varying the amount of residual gas, considering cases with 0%, 5% and 10% by mass of
residual gases for cases without ozone and with the addition of 35 ppm ozone. The initial
and boundary conditions were the same for the cases with the same ozone concentration,
and were those described in section 4.2.1 for validation. The objective was to compare
the impact of ozone in cases with different amounts of residual gases with a realistic
composition, which also takes into account the possible presence of reactive chemical

species.

Figure 4.9 shows the results of the simulations in terms of pressure profile and
heat release rate as a function of CAD, while Figure 4.10 and Figure 4.11 show the mass
profiles of some chemical species, scaled to the initial fuel mass, as a function of CAD.

Finally, Table 4.2 shows the combustion parameters for the different cases.
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Table 4.2. Combustion parameters for cases with different ozone concentrations and
Residual Gases (RG) amounts at 1VC with Extended 1VC Mixture cases (EM).

Valueoppmo3 / Value35mpma3
RG =0% RG =5% RG =10%
CA10 [CAD] +3.09/-7.29 +3.30/-7.05 +3.49/-6.81
CA50 [CAD] +7.16 / -5.04 +7.82/-4.59 +8.62 / -4.09
CA90 [CAD] +15.69/ +1.02 +16.83/ +1.44 +17.69/+1.94
CA90-CA10 [CAD] 12.6/8.31 13.53/8.49 14.2/8.75
Total heat release [J] 302 /323 286 / 306 266 / 289

Figure 4.9(a) shows that, for the same ozone concentration, increasing the

percentage of residual gases at I\VC reduces the peak pressure reached in the chamber due

to the lower amount of fuel available at I\VVC, which results in less heat released, as shown

in Table 4.2.
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The consumption of ozone and fuel occurs almost in the same way in cases with
different residual gases percentage at the same ozone concentration, as shown in Figure
4.10(a) and (b). As shown in Figure 4.10(c) and (d) in cases with 35 ppm O3, when ozone
starts to decompose, HO, and H, 0, are produced, which are typically associated with the
LTC regime, leading to the advancement of mixture auto-ignition. However, ozone
consumption is slightly faster in cases with a higher amount of residual gases, whereas
the opposite occurs for fuel. Specifically, for the cases with 35 ppm ozone, at -90 CAD
(i.e. 90 CAD BTDC), there are 2.88 and 2.86 go,/kgsue in the chamber for the cases
with no residual gases and with 10% of residual gases, respectively; in contrast, for the
same cases at -30 CAD (i.e. 30 CAD BTDC), 92% and 94% of the initial fuel is in the
chamber.

Ozone, in fact, in the presence of residual gases does not decompose exclusively
through the reaction 0O; + N, 2 0, + O + N,, but reacts directly with certain species,
such as nitrogen monoxide, through the reaction NO + 0; = NO, + 0, with reactants
molar ratio 1:1. By observing Figure 4.10(e),(f),(9),(h), it can be seen that, in cases
without ozone, both the amount of nitrogen monoxide and nitrogen dioxide are constant
up to about -20 CAD (i.e. 20 CAD BTDC); then, in the LTC regime, the nitrogen
monoxide is oxidised and, when the temperature starts to rise very fast due to the increase
in HRR, NO and NO, are produced again. On the other hand, in the cases with ozone, at
IVC NO is converted immediately into N O,, with a higher rate around -70 CAD (70 CAD
BTDC), i.e. when ozone starts to be consumed faster. The NO + 0; - NO, + 0,
reaction reduces the amount of ozone available for the production of oxygen atoms in the
pre-heating zone. However, considering the molecular weights and that, in the case with
35 ppm of ozone and 10% of residual gases, at IVC the mass of NO is about 0.32 ug,
while that of ozone is about 19.25 ug, if only the NO + 0O; = NO, + 0, reaction took

place there would still be about 97% of O initially present.

The oxygen atoms that are produced by the 0; + N, 2 0, + O + N, reaction,
being highly reactive, oxidise not only the fuel but many of the intermediate species
present in the residual gases. As it can be seen in Figure 4.11(a), (b) and (c), in the CAD
range in which ozone decomposes faster, there is both a production of CgH,,, CgH1g +

0 2 CgH,7 + OH, and a production of CO. Specifically, the peak of CgH,, produced in
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the cases with ozone and with 10% of residual gases is 1.73% lower than in the case

without residual gas, due to a lower amount of atomic oxygen reacting with iso-octane.

Finally, the following engine performance parameters were calculated, and the

results are shown in Table 4.3:

the gross indicated work per cycle, Wﬁ, defined as the work delivered to

the piston over the compression and expansion strokes, computed as:

g _ (Evo _
W = fIVC PdV,

the gross Indicated Mean Effective Pressure, IMEPY, computed as:

g
IMEPY = -¢L,

[

the gross indicated power output, 57, computed as: B¢ = WS *_;ilM

where n,.. is the number of revolutions per cycle, therefore n,.. = 2;

the gross Specific Fuel Consumption, SFC9, computed as: SFCY =

M ue - - -
%, where Mg, is the mass of fuel at IVC, which is related to the

cl

gross thermodynamic efficiency of the cycle by: nf’h = m where
i,fuel

ntgh is the gross thermodynamic efficiency and H; f,,; is the lower calorific

value of the fuel.

Table 4.3. Engine performance parameters for cases with different ozone concentrations
and Residual Gases (RG) amounts at 1\VVC with Extended 1VC Mixture cases (EM).

Valuegppm,, / Value35:;?5:0;::;6“1’%03 + 100
RG = 0% RG = 5% RG = 10%
w?, 3] 1415/ +2.52% 132.4/+3.58% | 122.2/+5.7%
IMEPY [bar] 2.83/+2.52% 2.65 / +3.58% 2.45 [ +5.7%
P{ [kw] 1.77 1 +2.52% 1.66 / +3.58% 1.53/ +5.7%
SFCI [g/kWh] 184.26 / -1.54% 187.35/-2.77% | 192.65/-4.96%
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The results show that the ozone effect is higher in the case with a higher percentage of
residual gas. Furthermore, with the addition of 35 ppm ozone, combustion duration is
reduced by 34.05%, 37.25% and 38.38% for the cases with 0%, 5% and 10% residual
gases. Despite the presence of chemical species that could limit the effectiveness of ozone
(e.g. nitrogen monoxide), since they are contained in much smaller quantities than ozone,
they had almost no impact with respect to the benefits of ozone. On the other hand, ozone
addition mainly helped cases with a higher percentage of residual gases and with a lower
performance, due to both the lower amount of fuel available and the residual gases, which

slow down combustion.
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5. Chapter 5: Investigation of ozone effects in SI engines

This chapter will present the results of the simulations of possible applications of
ozone in Spark Ignition (SI) engines fuelled with iso-octane. These analyses concerned:
the calculation of the Laminar Flame Speed (LFS) under engine-like thermo-chemical
conditions, and the closed valve cycle simulations of a Spark Ignition engine with ozone
addition. Analyses were conducted covering a wide range of operating conditions

depending on the aim of the investigation.

5.1 LFS of iso-octane/air/ozone mixtures under engine-like thermo-
chemical conditions: engine speed, spark advance and

equivalence ratio effects

The aim of the following analyses was to calculate the laminar flame speed of an
iso-octane/air/ozone mixture under Spark Ignition engine-like conditions at the ignition
timing. Since ozone influences the thermo-chemical characteristics of the mixture during
the compression stroke of the engine, such a mixture is analyzed up to ignition by using
both 0-D and 2-D CFD model. Then, a 1-D model has been employed to calculate the
LFS of the mixture under the thermo-chemical conditions reached at the end of the

compression stroke, as shown in Figure 5.1.

5.1.1 0-D engine compression simulations

The 0-D engine model was used to simulate the compression stroke of the Spark
Ignition engine described in section 2.2.2, whose geometric characteristics were
presented in Table 2.2. Several simulations have been performed, using the modified
Curran mechanism presented in section 2.1.1.2, by varying ozone concentrations, engine
speed and Spark Advance (SA), from 0 to 50 ppm referred to air, from 1000 to 5000 rpm,
and from 18 CAD BTDC to 3 CAD BTDC, respectively. The equivalence ratio was
stoichiometric, the wall temperature was kept constant and equal to 430 K, and the

temperature and pressure at I\VC were set equal to 350 K and 1 bar, respectively.
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Figure 5.1. Schematic representation of the analyses conducted to calculate laminar flame
speed under Spark Ignition engine like-conditions.

Table 5.1 shows the pressure and temperature values, obtained at the ignition
timing, using the 0-D analysis, as a function of 0zone concentration at I\VVC, rotation speed
and Spark Advance. In all cases, pressure and temperature increase as the ozone
concentration increases. However, this increment is lower with higher rpm and the earlier
the ignition, as the ozone kinetics has less time to influence the mixture conditions. In
accordance with the analyses discussed in section 3.1.3, calculations showed that when
the temperature, during compression, reached values of around 550 K, ozone began to
decompose very quickly, reacting with the fuel and producing O, OH and H, triggering
the low-temperature reactions discussed above. These reactions are responsible for the
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slight increase in temperature and pressure obtained at the ignition timing by adding

ozone.

Table 5.1. Thermodynamic conditions obtained with 0-D simulations, using the modified
Curran kinetic mechanism, varying the ozone concentration at the IVC and the rotation
regime, at different time instants (expressed in CAD BTDC).

1000 rpm; 3 CAD 3000 rpm; 3CAD 5000 rpm; 3 CAD

ppm 03| P [bar] T [K] P [bar] T [K] P [bar] T [K]
0 18.23 693.20 18.34 697.27 18.37 698.77

10 18.40 699.80 18.36 698.13 18.39 699.22
30 18.75 712.50 18.40 699.90 18.41 700.15
50 19.11 726.00 18.45 701.66 18.43 701.08
1000 rpm; 8 CAD 3000 rpm; 8 CAD 5000 rpm; 8 CAD

ppm 03| P [bar] T [K] P [bar] T [K] P [bar] T [K]
0 17.33 687.82 17.40 690.98 17.43 692.18

10 17.39 690.25 17.42 691.47 17.44 692.45
30 17.51 694.99 17.44 692.47 17.45 693.02
50 17.63 699.55 17.47 693.50 17.47 693.60
1000 rpm; 13 CAD 3000 rpm; 13 CAD 5000 rpm; 13 CAD

ppm 03| P [bar] T [K] P [bar] T [K] P [bar] T [K]
0 15.77 675.54 15.82 677.91 15.83 678.67

10 15.79 676.49 15.83 678.17 15.84 678.81
30 15.83 678.38 15.84 678.71 15.84 679.12
50 15.88 680.24 15.85 679.26 15.85 679.43
1000 rpm; 18 CAD 3000 rpm; 18 CAD 5000 rpm; 18 CAD

ppm 03| P [bar] T [K] P [bar] T [K] P [bar] T [K]
0 13.87 658.15 13.91 659.87 13.92 660.43
10 13.88 658.57 13.91 659.99 13.92 660.50
30 13.90 659.42 13.92 660.24 13.93 660.64
50 13.92 660.29 13.92 660.51 13.93 660.78

Figure 5.2 and Figure 5.3 show, respectively, the mass fractions of iso-octane and

ppm of ozone as a function of initial ozone concentration at IVC, under different operating

conditions and at different time instants.
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Figure 5.2. Mass fractions of iso-octane, obtained using the modified Curran kinetic
mechanism, as a function of ozone concentration at 1VC for different engine rotation
regimes and different time instants.
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Figure 5.3. Ppm of ozone, obtained using the modified Curran kinetic mechanism, as a
function of ozone concentration at I\VVC for different engine rotation regimes and different
time instants.
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Figure 5.2 shows that, given the engine speed and the ignition timing, the amount
of fuel decreases linearly as the initial ozone concentration increases. In particular, in the
1000 rpm case, at the instant SA=3 CAD BTDC about 85% of the fuel initially contained
in the chamber was present. The increase in rpm and the advance of the ignition timing
have the effect of reducing the progression of fuel oxidation during compression. These
two factors reduce the residence time of the mixture, so both the oxidation reactions with
the radicals produced by ozone decomposition and the ozone decomposition reaction do
not have time to take place completely. Figure 5.3 shows that at 1000 rpm only in the
case of CA=18 CAD BTDC a little amount of ozone is still present, while by increasing
the rpm and anticipating the ignition timing, the amount of ozone at SA increases.
Specifically, in the case 5000 rpm with SA=18 CAD BTDC, with respect to the 50 ppm
of ozone at the IVC, there was still almost 29 ppm at the SA.

Finally, Figure 5.4 shows the laminar flame speed calculated considering the
mixture composition and thermodynamic conditions found, for different rotation regimes

and time instants, from the 0-D analysis.
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Figure 5.4. Laminar Flame Speed, obtained using the modified Curran kinetic mechanism,
as a function of ozone concentration at IVC for different engine rotation regimes and
different time instants.

The results show that without ozone addition, the flame propagates at

approximately the same speed (72-75 cm/s) regardless of the conditions analysed. On the
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other hand, by adding ozone at I\VVC, there is a significant increase in laminar flame speed,
which differs according to the conditions examined. As shown in Figure 5.4, in all cases
considered, a significant increase in LFS was found already with 10 ppm of ozone
compared to the case without O5. These results are in agreement with the discussion in
section 3.1.4.2: ozone, at the pressure and temperature conditions shown in Table 5.1,
enables low temperature chemistry, changing the main reaction pathways responsible for
the increase in LFS. The change of reaction pathways, therefore, is responsible for the

discontinuity between the case without ozone and the case with ozone.

With ozone addition, the chemical kinetics, which follows the new reaction
pathways, is accelerated by increasing the ozone concentration: the LFS increases
approximately linearly with increasing ozone concentration at the IVC. Specifically, it is
found that, given an engine speed, the laminar flame speed is higher the later the ignition
occurs: this is due to the longer residence time of the mixture in the chamber, whereby
the decomposition of ozone is more complete (as observed in Figure 5.3), providing more
oxygen atoms and thus more OH radicals (from the fuel oxidation, as shown in Figure
5.2) responsible for the low-temperature chemistry and the cool flame. The same
qualitative effect is obtained, for a constant ignition timing, by decreasing the engine
speed. In this case, however, if ignition is advanced too much, the flame speed is
progressively less dependent on the engine speed; for example, when ignition takes place
at 18 CAD BTDC, the laminar flame speed is the same for all three values of rpm

considered.

In conclusion, the greatest advantage in terms of laminar flame speed increase was
obtained when the residence time of ozone in the chamber was longer; in this way, ozone
decomposition was more complete and the amount of atomic oxygen, necessary to oxidise

the fuel and to form OH radicals, was maximised.

5.1.2 2-D engine compression simulations

The same methodology used in the previous section is also employed to
investigate the suitability of using ozone to achieve stable combustion of a very lean
mixture (¢ = 0.5). To this end, firstly a 2-D CFD model is used to simulate the

compression stroke of the same Spark Ignition engine considered in the previous section,
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then the LFS of iso-octane/air/ozone lean mixtures has been evaluated. The simulations
have been performed by using the modified Yoo mechanism presented in section 2.1.1.2.
At the start of the simulations (IVC), a perfectly homogeneous mixture containing iso-
octane, air and ozone is taken into account. Two equivalence ratios, 0.5 and 1, and three
ozone concentrations (in air), 0, 200 and 500 ppm, are considered. Since no experimental
data with ozone addition were available in the literature, it was not possible to calibrate
the EDC model during the compression stroke. For this reason, it was chosen to leave the
default values of the EDC constants in order to carry out a parametric analysis. The
remaining initial conditions and the boundary conditions were kept the same for all cases,
to assess the influence of the initial mixture composition on the results. The initial
temperature and pressure of the mixtures were 330 K and 0.97 bar, respectively, and the
wall temperature was equal to 430 K during the entire simulation. The initial conditions
in terms of turbulent kinetic energy (k) and its dissipation rate (¢) were evaluated by using
the equations Eq2.78 and Eq2.79, thus obtaining 5 m?/s? and 180 m?/s3 for k and ¢,
respectively. The thermo-chemical conditions of the mixture, in terms of temperature,
pressure and composition, obtained at the end of the 2-D simulations (SA=3 CAD BTDC)
in the middle of the chamber (i.e. on the axis of symmetry at the midpoint between piston
and cylinder head, the place where the spark that triggers the flame is assumed to occur)

were used to compute the laminar flame speed.

Table 5.2 summarizes the thermodynamic conditions, in terms of pressure and
temperature, achieved in the middle of the combustion chamber at the start of ignition,
i.e. 3 CAD BTDC, for all cases. For a given equivalence ratio, temperature and pressure
at ignition are not influenced by the initial ozone concentration. However, under lean
conditions, higher temperatures and pressures are obtained with respect to the
stoichiometric case. This is due to the different specific heat of the mixture as equivalence

ratio is varied. As an example, the specific heat at constant volume for ¢ = 0.5 was 758

k;—K and 869 k;—K at IVC and SA, respectively, whereas, for the case with ¢ = 1, was 789

kgLK and 926 kgLK at IVC and SA, respectively. Unlike the 0-D calculations shown in Table

5.1, pressure and temperature do not increase with increasing ozone concentration.
However, the two results are not in contradiction considering that it is not possible to
make a direct comparison between the two cases, specifically: the initial conditions of

pressure and temperature are not the same; the kinetic mechanisms are different; with the
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2-D model, turbulence is included, which increases the heat exchange with the walls and
influences the chemical kinetics; the conditions in Table 5.2 refer to a specific point in
the domain and therefore are not the average ones.

Table 5.2. Thermodynamic conditions at SA, i.e. 3 CA BTDC, in the middle of the chamber
for different values of ozone concentration and equivalence ratio at 1VC.

Ozone concentration (in air) at IVC
¢ =1(tlvC) 0 ppmy, 200 ppm,, 500 ppm,,
Pressure [bar] 18.16 18.18 18.23
Temperature [K] 671 672 673
¢ =0.5(at IVC) 0 ppmy, 200 ppm,, 500 ppm,,
Pressure [bar] 19.17 19.02 19.12
Temperature [K] 709 706 708

Figure 5.5 shows the mass of iso-octane, ozone, OH radicals and oxygen atoms as
a function of CAD, for different ozone concentrations and equivalence ratios. If ozone is
absent, fuel mass does not change up to ignition, nor O and OH radicals are produced.
When ozone is added to the mixture, for stoichiometric and lean cases, both fuel and
ozone decompose during the compression stroke, resulting in O and OH production. For
the same initial ozone concentration, these phenomena occur more quickly with ¢ = 0.5.
The reason is that, as discussed earlier and shown in Table 5.2, at ignition, the temperature
in the chamber is higher for the lean case, so chemical reactions are more favored. At the
same equivalence ratio, at 3 CAD BTDC the percentage decrease in ozone is roughly the
same in the cases with 200 ppm and with 500 ppm: the amount of 05, with ¢ = 0.5, is
42.5% and 41.4% of that at IVVC for the cases with 200 e 500 ppm, respectively. However,
for the case with 500 ppm, a larger amount of ozone is consumed, producing more oxygen
atoms than for the case with only 200 ppm of ozone. Indeed, at about 50 CAD BTDC,
ozone decomposes by the reaction O; + N, 2 0, + 0 + N,; the O atoms oxidize the
fuel through the reaction CgH,g + O 2 CgH,; + OH, producing OH radicals, which
continue the oxidation through the reaction CgH.g + OH 2 CgH,; + H,0. For the case
with ¢ = 0.5, at 3 CAD BTDC, there is 92.1% and 97.4% of the fuel at I\VC for the cases
with 500 ppm and 200 ppm of ozone, respectively.
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1-D simulations have been carried out to calculate the LFS by using the
thermodynamic conditions and the mixture compositions achieved at the start of ignition
in the combustion chamber by varying ozone concentrations and equivalence ratios. Table
5.3 shows the results in terms of LFS. As expected, with the same ozone concentration,
LFS is higher in the stoichiometric than in the lean case. Moreover, LFS increases
significantly with ozone concentration in both ¢ = 0.5 and ¢ = 1 cases. Specifically, the
addition of 200 ppm of ozone at IVVC in the case ¢ = 0.5 increases LFS up to a value
higher than that obtained in the stoichiometric case without ozone. Ozone influence is
greater for the case of stoichiometric mixture. The LFS for the case with 200/500 ppm of
ozone is about 5.3/6.4 and 7.1/9.0 times larger, compared to the case without ozone, with

¢ = 0.5and ¢ = 1, respectively.

Figure 5.6 shows the temperature in the stream tube as a function of the distance
from the inlet. This figure explains the reason for the significant increase of the LFS with
ozone addition. Indeed, ozone changes the flame structure and leads to the formation of
a cool flame. Such a flame does not occur with iso-octane/air mixtures, without ozone,
under the typical thermodynamic conditions of an Sl engine. Since, at the inlet of the
stream tube, the temperature of the mixture is higher for the case ¢ = 0.5 and there is a
greater amount of O and OH, chemical kinetics is faster and the cool flame is generated
very close to the inlet for the case of lean mixture. Hence, in agreement with the results
obtained in section 3.1, ozone changes the reaction paths in the LTC region and causes

the formation of a cool flame, thus leading to an increase in LFS.

Table 5.3. LFS for different equivalence ratios and ozone concentrations at 1VC [cm/s].

Ozone concentration (in air) at IVC

0 ppmg, | 200 ppmy, | 500 ppm,,
¢ =0.5(at IVC) 18.8 99.3 120.9
¢ =1 (at1VvC) 63.5 452.0 569.6
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Figure 5.6. Stream tube temperature as a function of the distance from the inlet for
different values of equivalence ratio and ozone concentration at 1VC.

In conclusion, the results showed that ozone promotes the formation of a cool
flame even under lean conditions (¢ = 0.5), however, the effect on the increase in LFS
is greater in the stoichiometric case. The addition of ozone at IVVC in the case ¢ = 0.5
increases LFS up to values higher than that obtained for the stoichiometric case without
ozone, therefore it can be concluded that 0zone might be able to sustain stable combustion

in the case of very lean mixtures in Sl engines.

5.2 2-D closed-valve cycle simulations of an Sl engine

After the evaluation of the ozone effect on the LFS under engine-like conditions,
2-D CFD simulations were carried out considering the closed-valve cycle of a Spark
Ignition engine with the characteristics presented in Table 2.2. Specifically, the
combustion and expansion phases of the engine up to the exhaust valve opening were also
simulated in order to assess the ozone effect on engine performance, under different
conditions of mixture composition and engine speed. As discussed specifically in sections
2.1.5.3and 2.2.2, the EDC combustion model was used for these simulations in order to
solve the chemical kinetics by considering the temperature, pressure, mixture

composition and turbulence conditions of each specific cell in the domain.
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5.2.1 Model validation

The CFD model is validated by comparing the in-cylinder pressure and Heat
Release Rate (HRR) profiles with experimental results of [175]. The validation concerns
with the closed-valve cycle, i.e. from IVC to EVO. As discussed in the previous section,
due to the absence of experimental data with ozone addition, the values of the EDC model
constants were left as the default ones during compression, while for the combustion
phase the values were changed in order to validate the combustion model on the basis of
experimental data. In the experimental case, the mixture is approximately stoichiometric,
however, an equivalence ratio of 0.9 was considered in the present simulations. This
difference between the experimental and numerical equivalence ratio can be justified by
some approximations in the numerical model. In fact, the model does not take into
account both the blow-by phenomenon, which reduces the fresh charge in the combustion
chamber, and the crevices between the piston and cylinder, where combustion is almost

absent. The mixture temperature at IVC is set to 410 K.

Figure 5.7 shows the comparison between the measurements and the simulation
results. As shown in Figure 5.7(a), the model provides a good agreement with the pressure
profile experiments, with some slight differences between TDC and 15 CAD ATDC, due
to a faster numerical heat release in the first part of combustion, as shown in Figure 5.7(b).
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Figure 5.7. Comparison between experimental [175] and numerical results for the 2-D CFD
model validation, in terms of: (a) in-cylinder pressure; (b) Heat Release Rate.

5.2.2 Ozone effect with different operating conditions

The simulations were conducted considering a perfectly homogeneous mixture at

IVC containing iso-octane, air, ozone and residual gases (CO, and H,0), to take into

account residues trapped in the top dead center volume between consecutive work cycles.

The composition of residual gases was computed by considering the stoichiometry of a

single global combustion reaction as a function of the equivalence ratio (¢):
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R5.1) CoHyg + — 02 +3.76 = N2 + 19,05 — 8C0O, + 9H,0 + +—(1 —$)0, +

3.76%1\[2 + Tl0303

where n,, are the ozone moles, considered non-reactive in the calculation of residual gas
composition. Therefore, the actual equivalence ratio in the chamber is slightly different
from the theoretical one. The initial (at I'VC) and boundary conditions of the simulations
are shown in Table 5.4, with the ozone concentrations calculated with respect to the fresh

intake mixture.

Table 5.4. Initial and boundary conditions of the simulations.

Pressure at IVC 0.97 bar
Temperature at IVC 410K
Wall temperature 430 K
Equivalence ratio ~0.9,0.7
Residual gas (€0, H,0) percentage 15%
Ozone concentration 0, 100, 200
Engine speed 800, 1000, 1200 rpm

The main combustion and performance parameters of a Spark Ignition engine
were evaluated. Specifically, the following parameters, directly dependent on the

combustion process, were evaluated:

e CA10, CA50, CA90 (i.e., the crank angles when 10%, 50% and 90% of
the total heat has been released, respectively) and the combustion duration,
which is defined as the difference between CA90 and CA10;

e the maximum volume-averaged in-cylinder pressure, Py 4y, cOmputed as:

Pyax = max{ J, PdV} and its crank angle 65, ,;

e the maximum mass-averaged in-cylinder temperature, Ty, 45, COMputed as:

Tuax = max{ J, pTdV} and its crank angle 6z, ,,;

e the Maximum Pressure Rise Rate, MPRR = max {d } and its crank angle

HMPRR'

In addition, the following engine performance parameters were calculated:
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. . EVO
e the gross indicated work per cycle, WC‘Z, computed as: Wf, = fIVC PdV;

e the gross Indicated Mean Effective Pressure, IMEPY9, computed as:

g
IMEPY = =L,

[

e the gross indicated power output, B?, computed as: 57 = W *_ei)’;’”

where n,.. is the number of revolutions per cycle, therefore n,.. = 2;

e the gross Specific Fuel Consumption, SFC9, computed as: SFCY =

Myuelyc ;
—7 where Mgy, is the mass fuel at IVC,

cl

5.2.2.1 Engine speed and ozone concentration effects

Figure 5.8 shows the results in terms of pressure profiles for the cases ¢ ~ 0.9
without ozone and with the addition of 100 ppm 05 for the different engine speeds with
the same Spark Advance SA= -7 (i.e. 7 CAD BTDC); Table 5.5 shows the parameters
directly dependent on the combustion process; on the other hand, Table 5.6 shows the

engine performance parameters.

Table 5.5. Combustion parameters and other quantities directly dependent on the
combustion process, for different cases with SA=-7 CAD with and without ozone addition
at IVC.

Valueoppmo3 / Valuel(mm,ma3
1000rpm (base case) 800rpm 1200rpm
CA10 [CAD] +8.22 / +5.31 +6.56 / +3.47 +9.77 / +7.01
CA50 [CAD] +20.37 / +15.22 +16.88 / +11.70 | +24.07/ +18.65
CA90 [CAD] +29.35/+20.34 +25.01/+13.94 | +33.77/ +26.02
CA90-CA10 [CAD] 21.13/15.03 18.45/10.47 24.00/19.01
Pyax [bar] 31.44141.29 35.85/49.96 27.45/34.70
05p,,,, [CAD] +27.67 / +20.31 +23.63/+14.24 | +31.88/+25.29
MPRR [bar/CAD] 0.78/4.01 1.21/17.98 0.46/0.96
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0yprr [CAD] +18.05 / +19.47 +14.82/+13.24 | +21.91/+19.57
Tuax [K] 2326 / 2462 2361/ 2540 2296 / 2386
6r,,,, [CAD] +31.27 / +21.76 +26.7/+14.48 | +35.99/ +28.09

Table 5.6. Engine performance parameters of the different cases with SA=-7 CAD with and
without ozone addition at 1VC.

Valuelogppm03 —Valuegppm03

Valuegp,m,, / P Tr— 100
1000rpm (base case) 800rpm 1200rpm
W‘Z, [J] 285.01/ +3.34% 286.76 / +0.86% | 280.07 / +4.47%
IMEPY [bar] 7.15/ +3.34% 7.20/ +0.86% 7.03/ +4.47%
P [kwW] 2.37 1 +3.34% 1.91 / +0.86% 2.8/ +4.47%

SFCI [g/kWh]

214.1/-3.24%

212.8/-0.86%

217.9/-4.29%
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Figure 5.8. Pressure profiles with and without ozone for different rpm with SA=-7 CAD
(i.e. 7 CAD BTDC): a) pressure as a function of CAD; b) pressure as a function of volume.

The results show that without ozone, at the same spark advance, the increase in

rpm delays the pressure peak and reduces its value. The gross indicated work per cycle is
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about the same for the 800 rpm case and the 1000 rpm case, while in the 1200 rpm case
it is lower due to the excessive decrease in the pressure peak reached in the chamber: as
shown in Table 5.5, in fact, in the 1200 rpm case without ozone, the centre of combustion

(i.e. the CA50) occurs late in the expansion phase.

The addition of 100 ppm of ozone at IVC reduces the combustion duration for all
examined engine speeds, leading to an advance and an increase in the value of the
pressure peak reached in the chamber. Specifically, with the addition of 100 ppm ozone,
the combustion duration decreases by 43.25%, 28.87% and 20.79% for the cases at 800,
1000 and 1200 rpm respectively. With ozone addition the gross indicated work per cycle
increases with respect to the relative case without ozone for all the engine speeds
investigated, however in the 800 rpm case, the work gain is small due to the excessive
advance of the pressure peak, which resulted in a reduction of the pressure in the
expansion phase. The advancement of the pressure peak is due to auto-ignition
phenomena occurring in the regions of the chamber not yet invested by the flame. These
phenomena can be deduced from the analysis of the parameters shown in Table 5.5 in the
cases with ozone addition at 800 and 1000 rpm, and is also evident, especially in the case
at 800 rpm, by observing the change of slope in the pressure profiles in Figure 5.8.
Specifically, in the case at 800 rpm without ozone, the MPRR is equal to 1.21 bar/CAD
and occurs at +14.82 CAD, i.e. before 50% of the total heat has been released, while the
pressure peak occurs at +23.63 CAD; furthermore, from CA50 the 40% of the total heat
is released in about 8 CAD (CA90-CAX50). In the case with 100 ppm ozone, on the other
hand, the MPRR is increased to a value of 17.98 bar/CAD and occurs at +13.24, i.e. close
to the pressure peak; the significant increase in the MPRR is due to the faster heat release
in the second stage of combustion: whereas between CA50 and CA10 40% of the total
heat is released in about 8 CAD, the same amount of heat, between CA50 and CA90, is
released in only 2 CAD, causing a rapid increase in temperature and consequently in
pressure. The auto-ignition of the mixture is also shown in Figure 5.9, which shows the
in-cylinder temperature distribution, in the cases with and without the ozone addition, for
the different engine speeds, at +13 CAD (i.e. 13 CAD ATDC).
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Figure 5.9. In-cylinder temperature distribution at +13CAD (i.e. 13 CAD ATDC), in the
cases without ozone (left) and with addition of 100 ppm ozone (right), with SA=-7 (i.e. 7
CAD BTDC), for the different engine speeds.

As shown in Figure 5.9, at +13 CAD, given an engine speed, the flame front has swept a
larger chamber region with ozone addition; while at the same ozone concentration the
flame is more developed the lower the rpm. In the case at 800 rpm with 100 ppm ozone,
between the flame front and the cylinder walls there is the auto-ignition of the mixture

responsible for the rapid increase in pressure discussed above.

The auto-ignition of the mixture is due to the ozone that has enabled chemical
reactions in the LTC regime, leading to a production of radicals and the lowering of the
Ignition Delay Time (IDT) of the mixture. These auto-ignition phenomena occur earlier
the lower the engine speed, because the residence time of the mixture is longer. The
compression stroke from 1VVC to TDC occurs in 30 ms and 20 ms for the cases at 800 and
1200 rpm respectively. On the other hand, the duration from 35 CAD BTDC (point at
which temperature and pressure are about 650 K and 7 bar) to 35 CAD ATDC (point at
which combustion is extinguished for all cases without ozone) is equivalent to 9.72 ms
and 14.58 ms for the 1200 rpm and 800 rpm cases, respectively. Considering that the
pressure continues to rise due to the compression stroke and the following combustion
phase, while the temperature of the end-gases is approximately 800 K, the auto-ignition
is in agreement with the IDT results discussed in section 3.2 with the addition of 100 ppm

ozone.
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If the residence time is small, auto-ignition occurs later in terms of CAD, or does not
occur at all. Specifically, in the case at 800 rpm, auto-ignition occurs at about +12.8 CAD
when about 60% of the total heat has already been released; in the case at 1000 rpm, auto-
ignition occurs at about +19 CAD when about 78% of the total heat has already been

released; in the case at 1200 rpm, auto-ignition does not occur.

Figure 5.10 shows both the in-cylinder HO, mass fraction and the HO, mass
fraction values along an axis perpendicular to the flame front, at -5 CAD for the 1200 rpm
case with and without ozone; similarly Figure 5.11 shows in-cylinder temperature for the
1200 rpm case at +15 CAD. Figure 5.10 shows that in the case without ozone the
hydroperoxyl (HO,) is localized only in the end gas region, with a peak in the preheating
region of the flame, i.e., in the LTC regime of combustion, characterized specifically by
HO, production as discussed in section 2.1.1.1. With the ozone addition to the mixture,
on the other hand, HO, is localized in the whole chamber, even in regions far away from
the flame caused by the change in fuel reaction pathways due to reactions with the oxygen
atom produced by ozone decomposition. Radicals and intermediate species accelerate
chemical kinetics resulting in increased flame speed and temperature in the "unburnt gas”

region, as shown in Figure 5.11.
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Figure 5.11. In-cylinder temperature for the 1200 rpm case at +15 CAD (i.e. 15 CAD
ATDC) with and without ozone: a) temperature contour plot; b) temperature value along
the Y axis.

In the 1000 rpm case, simulations were also carried out with 200 ppm of ozone at
IVC, and Figure 5.12 shows the pressure profiles obtained for the cases with different
ozone concentrations. The results show that with 200 ppm ozone at IVC, combustion
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advances even faster than in the case with 100 ppm, leading to an additional advance in
auto-ignition and peak pressure. With 200 ppm ozone, CA50 advances by 2 CAD with
respect to the case with 100 ppm, in agreement with the IDT results obtained in section
3.2, while the combustion duration (CA90-CA10) is 12.04 CAD, which is 6 CAD and 3
CAD less than the cases without ozone and with 100 ppm ozone, respectively. The peak
pressure occurs at +16.41 CAD with a value of 47.35 bar; the MPRR is 13.03 bar/s and
occurs at +15.3 CAD. The excessively early peak pressure, due to the early auto-ignition
in the end gases, results in a faster pressure decrease during the expansion phase due to
heat exchanges with the walls, compared with cases with lower ozone concentrations.
Therefore, there is no additional work gain compared to the case with 100 ppm ozone.

Specifically, the gross indicated work per cycle, W2,

cI’

and therefore also IMEPY and P?,

increase by 3.36% compared to the case without ozone, which is the same value obtained

in the case with 100 ppm.
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Figure 5.12. Pressure profiles with different ozone concentrations for the case at 1000 rpm
with SA=-7 CAD (i.e. 7 CAD BTDC): a) pressure as a function of CAD; b) pressure as a
function of volume.
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5.2.2.2 Spark advance effect

The same simulations were also carried out by changing the spark advance in
order to have approximately the same CA50 as in the base case (1000 rpm) in all cases
without ozone at different engine speeds. In this way, it was possible to evaluate the ozone

effect with the same combustion efficiency in the cases without ozone. Specifically:
e for the case at 800 rpm, the Spark Advance was SA=-5 CAD (i.e. 5CAD BTDC);

e for the case at 1200 rpm, the Spark Advance was SA= -9 CAD (i.e. 9 CAD
BTDC);

Table 5.7 and Table 5.8, similarly to Table 5.5 and Table 5.6, show the
characteristic combustion and performance parameters for the different cases; Figure 5.13
shows the results in terms of pressure profiles for the cases without ozone and with the
addition of 100 ppm 05 for the different engine speeds with the same CA50~+20 CAD
(i.e. 20 CAD ATDC)

Table 5.7. Combustion parameters and other quantities directly dependent on the
combustion process, for different cases with CA50=+20 CAD with and without ozone
addition at IVC.

Valueoppmo3 / Valuewom,ma3
1000rpm (base case) 800rpm 1200rpm
CA10 [CAD] +8.22 / +5.31 +9.10/ +5.63 +7.3/+4.79
CA5S0 [CAD] +20.37 / +15.22 +20.32 / +14.37 | +20.29/+15.71
CA90 [CAD] +29.35/ +20.34 +28.83/+17.65 | +29.61/+22.28
CA90-CA10 [CAD] 21.13/15.03 19.73/12.02 22.31/17.49
Pyax [Par] 31.44 [ 41.29 32.02/45.08 31.12/38.85
6p,,,, [CAD] +27.67 / +20.31 +27.07/+18.00 | +28/+21.90
MPRR [bar/CAD] 0.78/4.01 0.94/10.18 0.69/1.48
Ouprr [CAD] +18.05 / +19.47 +19.91/+16.79 | +16.84/+21.23
Tuax [K] 2326 / 2462 2328 / 2503 2324 2426
07, [CAD] +31.27 / +21.76 +30.44 / +18.53 | +31.86/+24.23
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Table 5.8. Engine performance parameters of the different cases with CA50=+20 CAD with
and without ozone addition at IVVC.

Valueoppmo3 / Value100::;::;:::%”%03 x* 100
1000rpm (base case) 800rpm 1200rpm
Wg, [J] 285.01 / +3.34% 280.72 1 +2.9% 288.7 1 +3.17%
IMEPY [bar] 7.15/ +3.34% 7.04/+2.9% 7.241+3.17%
P{ [kw] 2.37/ +3.34% 1.87 1 +2.9% 2.88/+3.17%
SFCY [g/kWh] 214.11-3.24% 217.4 1 -2.83% 211.4/-3.08%

Without ozone, at the same CA50, both the maximum pressure reached in the
cylinder and the relative crank angle are approximately the same. The work obtained
differs between the different cases mainly due to the different duration of heat exchange
with the walls during expansion: in the case at 800 rpm the average temperature at the
end of expansion is 1332 K, while in the case at 1200 rpm it is 1382 K. With the addition
of 100 ppm ozone, as in the case with constant SA, combustion accelerates and
combustion duration is decreased, with a greater effect in the case of lower rpm. Similarly
to the case with constant SA, auto-ignition of the mixture in the end gases zone occurs,
but in this case this phenomenon also affects the 1200 rpm case. With respect to the cases
with SA=-7 CAD, in fact, in these cases the Spark Advance for the 1200 rpm case was
advanced, resulting in an increased residence time, while in the 800 rpm case the
residence time decreased. Specifically, in the case at 800 rpm, auto-ignition occurs at
about +16.1 CAD when about 64% of the total heat has already been released; in the case
at 1200 rpm, auto-ignition occurs at about +20.75 CAD when about 81% of the total heat

has already been released.
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Figure 5.13. Pressure profiles with and without ozone for different rpm with CA50=+20
CAD (i.e. 20 CAD ATDC): a) pressure as a function of CAD; b) pressure as a function of
volume.
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5.2.2.3 Equivalence ratio effect

The effect of ozone addition was also evaluated by lowering the equivalence ratio,
using ¢ = 0.7. Simulations were carried out in the 1000 rpm case, both with the same
Spark Advance as the base case (1000 rpm, SA=-7 CAD, without ozone), and with the
same combustion efficiency as the base case (i.e. with same CA50), which was obtained
by advancing the Spark Advance to SA=-11 CAD (i.e. 11 CAD BTDC). The simulations
covered both cases without ozone and cases with 100 ppm ozone at I\VVC. Table 5.9 and
Table 5.10 show the characteristic combustion and performance parameters for the
different cases, while Figure 5.14 shows the pressure profiles and Heat Release Rate
(HRR) as function of CAD. Finally, Figure 5.15 shows the comparison between the cases
with different equivalence ratios at 1000 rpm, in terms of closed-valve cycle. Obviously,
in the case with the lower equivalence ratio, there is less fuel in the chamber, so the total
heat that can be released, and therefore the work that can be obtained is lower. However,

a comparison can be made considering the Specific Fuel Consumption SFCY.

The results show that, in the case of lean mixture with SA=-7 CAD, combustion
proceeds very slowly such that the CA50 and CA90 are +32.85 CAD and +53.43 CAD
respectively, and the combustion duration is 42.35 CAD. The peak pressure only exceeds
the pressure reached at TDC by 0.7 bar, resulting in an increase in Specific Fuel
Consumption and therefore a loss of work compared to the case with SA=-11 CAD, as
shown in Figure 5.15 and Table 5.10. The addition of 100 ppm ozone in the case with
¢ = 0.7, in contrast to the case with ¢ = 0.9, does not lead the mixture auto-ignition for
either SA=-7 CAD or SA=-11 CAD. Reducing the equivalence ratio, in fact, increased

the IDT of the mixture, in agreement with the results discussed in section 3.2.
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Table 5.9. Combustion parameters and other quantities directly dependent on the
combustion process, for the cases at 1000 rpm and ¢ = 0.7, with and without ozone
addition at IVC.

Valueoppm03 / Valuemom,mo3
SA=-7 CAD SA=-11 CAD
CA10 [CAD] +11.08 / +7.53 +6.05/+3.11
CA50 [CAD] +32.85/+20.70 +21.51/+14.11
CA90 [CAD] +53.43/+29.00 +30.02 / +19.50
CA90-CA10 [CAD] 42.35/21.47 23.97/16.39
Pyax [bar] 18.39/27.31 26.37/36.73
0p,,,x [CAD] +11.69/+28.4 +28.87/+19.63
MPRR [bar/CAD] 0.38/0.52 0.38/1.4
Ouprr [CAD] -18.12 / 24.84 -18.10/ +17.52
Tuax [K] 1790/ 2077 2041 /2178
07, [CAD] +54.31/+31.34 +32.56 / +21.73

Table 5.10. Engine performance parameters for the cases at 1000 rpm and ¢ = 0.7, with
and without ozone addition at IVVC.

Valueoppm03 / Value100:Z$Zi;p\:::eozzpmo3 «100
SA=-7 CAD SA=-11 CAD
w?, [J] 202.62 / +13.5% 230.6 / +4.17%
IMEPY [bar] 5.08 / +13.5% 5.78 1 +4.17%
PJ [kw] 1.69 / +13.5% 1.92 / +4.17%
SFCI [g/kWh] 235.28 / -11.9% 206.73 / -4.02%
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Figure 5.14. Results as function of CAD with different ozone concentrations and spark
advance, for the case at 1000 rpm with ¢p = 0.7: a) pressure; b) Heat Release Rate.
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Figure 5.15. Pressure as function of CAD for cases at 1000 rpm, for different ozone
concentrations, equivalence ratio and spark advance.

In the case with SA=-7 CAD, the ozone addition resulted in a greater increase in
performance than in the case with SA=-11 CAD, as shown in Table 5.10. Specifically,
with the addition of 100 ppm of 05, the gross work per cycle increased by 13.5% and
4.17%, while the combustion duration decreases by 49.3% and 31.62% for cases with
SA=-7 CAD and SA=-11 CAD respectively. Ozone, in fact, by enabling LTC reactions
leads both to a slight increase in the end gases temperature, and to the production of
radicals that promote the flame propagation speed, resulting in a more pronounced effect
in the cases where combustion without ozone is slower, less optimised or with self-

sustaining difficulties.

Considering only the case with SA=-11 CAD, which has approximately the same
CAb50 as the base case with ¢ = 0.9, the reduction in the equivalence ratio results in a
small increase in the combustion duration, which is 23.97 CAD and 21.13 CAD for ¢p =
0.7 and ¢ = 0.9 respectively; however, compared to the case without ozone, the
combustion duration with ozone addition was reduced by 7.58 CAD and 6.1 CAD in the

¢ = 0.7 and ¢ = 0.9 cases respectively. These results are in agreement with those
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presented in section 3.1.2, which showed that for the same ozone concentration, by
lowering the equivalence ratio leads to a reduction in LFS, but a greater percentage

increase compared to the case without ozone.
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Conclusions

The main objectives of engineering research concerning internal combustion
engines are to increase efficiency, fuel economy and reduce pollutant emissions. One
common aspect of these factors is the combustion process, in particular the control and
maximisation of its efficiency. In this context, the aim of this thesis was to investigate
ozone-assisted combustion for possible applications in both unconventional engines, in

particular HCCI engines, and conventional Spark Ignition engines.

First, the influence of ozone addition on the combustion of methane and iso-octane
in air has been investigated. Specifically, 1-D simulations have been carried out to
compute the laminar flame speed under different conditions of pressure, temperature,
equivalence ratio and ozone concentration, by using a reaction mechanism for methane
and three different mechanisms for iso-octane. Each mechanism has been modified with

the addition of an ozone sub-mechanism. Final considerations are:

e the three modified mechanisms used for iso-octane provide similar results
for all the simulations. The greatest discrepancies are found at high
reactant temperatures (T>540 K) even if, qualitatively, the mechanisms

are always in agreement;

e at ambient conditions (P = 1bar, T=300 K), ozone addition has the same
impact on both mixtures with methane and iso-octane for all the

equivalence ratios investigated;

e asthe temperature of the reactants increases, ozone addition has a different
influence on the two fuels. In the case of iso-octane, 05 enables a cool
flame. This phenomenon occurs at temperature equal to or higher than
about 540 K when 7000 ppm ozone is added to the mixture, leading to an

increase of the laminar flame speed;

e for mixture temperatures below 520-540 K, ozone mainly decomposes
near the high-temperature flame. For higher temperatures, ozone is already
almost completely consumed upstream the flame. In the case of iso-octane,
the atomic oxygen, produced by the decomposition of ozone for
temperatures higher than about 540 K, oxidises the fuel, thus producing
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OH-radicals, which advance the oxidation. These reactions are fast enough
to generate the cool flame;

for high mixture pressures, ozone decomposition by the reaction 05 +
N, = 0, + 0 + N, is greatly favoured and a different behaviour occurs
for methane/air/ozone and for iso-octane/air/ozone mixtures. For methane,
the laminar flame speed decreases as pressure increases, regardless of
temperature. For iso-octane, the influence of ozone addition is the same
as for methane with a temperature of the reactants below 540 K. For higher
temperatures, i.e. in the presence of a cool flame, the laminar flame speed
increases with pressure, to a greater extent for higher ozone concentrations

and/or temperatures;

as regards methane, LFS sensitivity analyses performed at 600 K show
that, with and without ozone, the main reactions are the same regardless
of pressure. Furthermore, the values of the sensitivity coefficients with
and without ozone are comparable and present the same variations with
pressure. As regards iso-octane, the sensitivity analyses at 600 K show
that, in the presence of ozone, the laminar flame speed is mainly influenced
by reactions that do not correspond to those in the absence of ozone.
Specifically, the most important reactions are those involved in the cool
flame and activated by ozone kinetics. This is especially true at high

pressure.

Then, parametric analyses were carried out concerning the effect of ozone on

Ignition Delay Time under different conditions of temperature, pressure, equivalence

ratio and ozone concentration. The main results concerning the analyses with ozone

concentrations between 100 and 1000 ppm and equivalence ratios ¢ = 0.5 and ¢ = 1

show:

a reduction in terms of IDT with the addition of ozone over the entire
temperature range examined, with a greater effect at low temperatures.
Moreover, the reduction of IDT with ozone addition is not linear, and
increasing ozone concentration reduces IDT progressively slower,
especially at low temperatures. Specifically, at 600 K ozone addition

reduces the ignition delay by 89-99%, depending on the specific ozone
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concentration (50-1000 ppm), for both lean (¢ = 0.5) and stoichiometric
cases. On the other hand, at 1200 K an ozone concentration of more than
200 ppm is required to achieve an IDT percentage reduction of more than

5%, for both ¢ = 0.5 and stoichiometric cases;

a greater percentage reduction of IDT with ozone addition in the
stoichiometric case in the temperature range 600-800 K, especially at
lower temperatures, whereas in the temperature range 820-1250 K the

percentage reduction is greater in the case ¢ = 0.5.

On the other hand, in the cases with lower equivalence ratio (¢ = 0.3) and ozone

concentrations (10-50 ppm) the results show that:

at pressure equal to 20 bar, with the addition of ozone, auto-ignition occurs
in mixtures with an initial temperature higher than or equal to 560 K in a
2-second simulation, whereas without ozone a temperature of at least 600
K is required. The reason for the strong IDT decrease for the cases with
ozone is due to the chemical decomposition of O3, which leads to the
formation of oxygen atoms that oxidise fuel and produce more OH in the

pre-heating zone than for the case without ozone;

with increasing pressure, the percentage reduction of IDT with ozone
addition, compared to the case without ozone, increases at almost all
temperatures considered. Exceptions are the temperature range [760-840
K], where the opposite effect occurs due to the shift of NTC region towards
higher temperatures with increasing pressure, and temperatures equal to or
higher than 1200 K. Besides, at both 35 bar and 40 bar and with 50 ppm
of ozone, the influence of both high pressure and ozone concentration
enables auto-ignition in a mixture with an initial temperature equal to 540
K.

Following the investigation of the ozone effect on the combustion chemistry

kinetics, simulations were carried out concerning ozone applications in internal

combustion engines. Since HCCI engines, which are one of the most interesting types of

unconventional engines from the perspective of fuel economy and high thermal

efficiency, have the difficulty of combustion control as a major limitation, the potential
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use of ozone was investigated. In particular, CFD simulations of an HCCI engine
containing air, ozone, iso-octane and residual gases were carried out. The objective was
to understand the thermo-fluid-dynamic evolution of the mixture and the effects on
combustion performance considering different ozone concentrations and different

compositions and percentages of residual gases. The main results show that:

e the ozone addition (3 to 30 ppm) anticipates the mixture auto-ignition and
reduces the combustion duration, which is also more complete, leading to
a reduction in UHCs but an increase in NO, due to the higher temperatures

reached in the chamber;

e using both a simplified (carbon dioxide and water) and an extended
(considering all species present at the exhaust with a concentration greater
than 1 ppm) composition of the residual gases, approximately the same

results are obtained:;

e o0zone decomposes during the engine compression stroke, releasing
oxygen atoms, which oxidise the fuel and other intermediate species. This
enables Low-Temperature Combustion with the release of species such as
OH, HO, and H,0,. Reactions in the LTC regime also result in a small

amount of heat being released before the instant of auto-ignition;

e as the percentage of residual gas increases, more ozone is consumed by
reacting with the nitrogen oxide in the chamber through the reaction NO +
0; = NO, + 0,. In addition, some of the oxygen atoms produced by the
O; + N, 2 0, + O + N, reaction react with other intermediate species
instead of the fuel. However, despite the presence of chemical species that
could limit the effectiveness of ozone, since they are contained in much
smaller quantities than ozone, they had almost no impact with respect to

the benefits of ozone;

e the ozone effect is higher in the case with a higher percentage of residual
gas. With the addition of 35 ppm ozone at I\VC the gross work per cycle
increases by 2.52%, 3.58% and 5.7% compared to the case without ozone

for the cases with 0%, 5% and 10% by mass of residual gases; on the other
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hand, the specific fuel consumption is reduced by 1.54%, 2.77% and
4.96% for the same cases.

Finally, simulations were conducted to understand the effect of ozone in the case

of Spark Ignition engine applications. First, simulations of the compression stroke of the

engine were conducted under both lean and stoichiometric conditions, with the aim of

identifying the conditions reached at the end of compression and of evaluating the LFS

by considering different engine speeds and different ignition timings. Next, CFD

simulations, from IVC to EVO, of a Spark Ignition engine were carried out in order to

assess the effect of ozone on engine performance. The main results concerning the LFS

simulations are the following:

without ozone addition, the laminar flame propagates at approximately the
same speed (72-75 cm/s) regardless of the conditions analysed (ignition
timing between 18 and 3 CAD BTDC, and engine speed between 1000 and
5000 rpm). On the other hand, by adding ozone at IVC, there is a
significant increase in laminar flame speed, which differs according to the

conditions examined;

the LFS increases approximately linearly with increasing ozone
concentration at the IVVC. Specifically, it is found that, given an engine
speed, the laminar flame speed is higher the later the ignition occurs: this
is due to the longer residence time of the mixture in the chamber. The same
qualitative effect is obtained, for a constant ignition timing, by decreasing
the engine speed. In this case, however, if ignition is advanced too much,

the flame speed is progressively less dependent on the engine speed;

during the compression stroke of the engine, ozone decomposes and
promotes the formation of a cool flame, leading to an increase in the LFS.
The higher the ozone concentration, the greater the LFS increase and
ozone effect on LFS is stronger for the case of stoichiometric mixtures
with respect to ¢ = 0.5. The addition of ozone at IVC in the case ¢ = 0.5
increases LFS up to values higher than that obtained for the stoichiometric

case without ozone.
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Instead, the main considerations that can be drawn from CFD simulations of the

Spark Ignition engine are:

in the near-stoichiometric case with the same spark advance (SA=7 CAD
BTDC), the addition of 100 ppm of ozone at I\VVC reduces the combustion
duration for all examined engine speeds, leading to an advance and an
increase in the value of the pressure peak reached in the chamber.
Specifically, with the addition of 100 ppm ozone, the combustion duration
decreases by 43.25%, 28.87% and 20.79% for the cases at 800, 1000 and
1200 rpm respectively.

in the near-stoichiometric case with the same spark advance (SA=7 CAD
BTDC), with ozone addition the gross indicated work per cycle increases
with respect to the relative case without ozone for all the engine speeds
investigated. However, in the 800 rpm case, the work gain is small due to
the excessive advance of the pressure peak, which resulted in a reduction
of the pressure in the expansion phase. The advancement of the pressure
peak is due to auto-ignition phenomena, occurring in the regions of the
chamber not yet invested by the flame, where ozone has enabled chemical
reactions in the LTC regime, leading to a production of radicals and a
reduction of the Ignition Delay Time of the mixture. These auto-ignition
phenomena occur earlier the lower the engine speed, because the residence

time of the mixture is longer;

in the near-stoichiometric case with the same spark advance (SA=7 CAD
BTDC), with the addition of 200 ppm of ozone at IVC there is no
additional work gain compared to the case with 100 ppm ozone.
Specifically, the gross indicated work per cycle increases by 3.36%
compared to the case without ozone, which is the same value obtained in
the case with 100 ppm. This is due to the excessively early peak pressure,
due to the early auto-ignition in the end gases;

without ozone, at the same CA50 (CA50=20 CAD ATDC), both the
maximum pressure reached in the cylinder and the relative crank angle are
approximately the same for the cases with different engine speed. The
work obtained differs in the various cases mainly due to the different
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duration of the heat exchange with the walls during expansion. With the
addition of 100 ppm ozone, as in the case with constant SA, combustion
accelerates and combustion duration is decreased, with a greater effect in

the case of lower rpm;

in the cases with the same CA50 (CA50=20 CAD ATDC), similarly to the
case with constant SA, auto-ignition of the mixture in the end gases zone
occurs with ozone addition, but in this case this phenomenon also affects

the 1200 rpm case due to the higher residence time;

in the cases with the same SA (SA=7 CAD BTDC) the gross indicated
work per cycle with 100 ppm of ozone increases by 0.86%, 3.34% and
4.47% with respect to the relative cases without ozone addition at 800,
1000 and 1200 rpm, respectively; on the other hand, the specific fuel

consumption is reduced by 0.86%, 3.24% and 4.29% for the same cases.

in the cases with the same CA50 (CA50=20 CAD ATDC) the gross
indicated work per cycle with 100 ppm of ozone increases by 2.9%, 3.34%
and 3.17% with respect to the relative cases without ozone addition at 800,
1000 and 1200 rpm, respectively; on the other hand, the specific fuel

consumption is reduced by 2.83%, 3.24% and 3.08% for the same cases.

in the case of lean mixture (¢ = 0.7), at 1000 rpm, with SA= 7 CAD
BTDC and without ozone, combustion proceeds very slowly. The peak
pressure only exceeds the pressure reached at TDC by 0.7 bar, resulting in
an increase in Specific Fuel Consumption and therefore a loss of work
compared to the case with SA=11 CAD BTDC (CAD allowing the same
CAA50 as the case with ¢ = 0.9, 1000 rpm, SA=7 CAD BTDC, without

ozone);

the addition of 100 ppm ozone in the case with ¢ = 0.7, at 1000 rpm in
contrast to the case with ¢ = 0.9, does not lead the mixture auto-ignition
for either SA=7 CAD BTDC or SA=11 CAD BTDC. Reducing the

equivalence ratio, in fact, increases the IDT of the mixture;

in the case with ¢ = 0.7, at 1000 rpm, the gross indicated work per cycle

with 100 ppm of ozone increases by 13.5% and 4.17% with respect to the
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cases without ozone addition at SA=7 CAD BTDC and SA=11 CAD
BTDC, respectively; on the other hand, the specific fuel consumption is

reduced by 11.9% and 4.02% for the same cases.
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