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ABSTRACT

The transport sector currently faces significant challenges related to polluting gas emissions
and their environmental impacts. Replacing internal combustion engines with electric
propulsion systems is widely promoted as a sustainable solution to address these challenges.
However, itis important to highlight that the electricity generation sector is the main responsible
for greenhouse gas emissions in the world, being responsible for around 45% of emissions. A
complete electrification of the fleet could worsen this situation. One approach to tackling this
problem is the development of more efficient and less polluting engines. One of the promising
technologies is the pre-chamber ignition system, which can improve the combustion process
of internal combustion engines, increasing their fuel conversion efficiency and reducing the
emission of polluting gases. In this context, the objective of this work was to analyze the
operation of a Ford SIGMA 1.6 engine, with and without ignition pre-chamber, using gasohol
(E25) as fuel. For this, one-dimensional numerical simulations were carried out with the GT-
POWER software. These simulations allowed the calibration and validation of numerical
models, based on experimental data obtained in dynamometric tests. Predictive and non-
predictive models were created, which were validated with experimental data and
subsequently used to evaluate the performance of the system using the pre-chamber in
different operating conditions. The models presented consistent results, with errors of less than
5% in relation to experimental data. The results showed gains in fuel conversion efficiency
and, consequently, a reduction in pollutant emissions, in relation to the spark ignition engine.
The predictive models created also allowed changing the pre-chamber geometry parameters
such as volume and orifice diameter, allowing the study of the influence of these pre-chamber
geometric parameters on fuel conversion efficiency. Similarly, the proposed model also allows
changing geometric parameters of the engine in order to minimize specific fuel consumption.
It was also observed that, although reducing the diameter of the pre-chamber hole produces
an increase in power and a reduction in specific fuel consumption, this reduction cannot be
done exaggeratedly, as in these cases it can cause opposite effects. worsening engine

performance.

Key-words: Internal combustion engine, GT-POWER, predictive simulation, turbulent jet

ignition
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RESUMO

O setor dos transportes enfrenta atualmente desafios significativos relacionados com as
emissdes de gases poluentes e os seus impactos ambientais. A substituicdo de motores de
combustao interna por sistemas de propulsao elétrica € amplamente promovida como uma
solucao sustentavel para enfrentar esses desafios. No entanto, é importante destacar que o
setor de geragao de energia elétrica € o principal responsavel pelas emissées de gases de
efeito estufa no mundo, sendo responsavel por cerca de 45% das emissdes. Uma eletrificacao
completa da frota poderia agravar esta situagdo. Uma abordagem para enfrentar esse
problema é o desenvolvimento de motores mais eficientes e menos poluentes. Uma das
tecnologias promissoras é o sistema de ignicdo por pré-cdmara, que pode melhorar o
processo de combustdo dos motores de combustao interna, aumentando sua eficiéncia de
conversdo de combustivel e reduzindo a emissdo de gases poluentes. Neste contexto, o
objetivo deste trabalho foi analisar o funcionamento de um motor Ford SIGMA 1.6, com e sem
pré-camara de ignicdo, utilizando gasolina (E25) como combustivel. Para isso, foram
realizadas simulagcdes numéricas unidimensionais com o software GT-POWER. Essas
simulacdes permitiram a calibracdo e validacdo de modelos numéricos, a partir de dados
experimentais obtidos em testes de bancada dinamométrica. Modelos preditivos e nao
preditivos foram criados, os quais foram validados com dados experimentais e posteriormente
utilizados para avaliar o desempenho do sistema com o0 uso de pré-camara em diferentes
condicbes de operacdao. Os modelos apresentaram resultados consistentes, com erros
inferiores a 5% em relacado aos dados experimentais. Os resultados evidenciaram ganhos na
eficiéncia de conversdo de combustivel e, consequentemente, reducido na emissao de
poluentes, em relacdo ao motor de ignicdo por centelha. Os modelos preditivos criados
permitiram ainda alterar os parametros da geometria da pré-camara tais como volume e
diametro de orificio, permitindo o estudo da influéncia desses parametros geométricos da pré-
camara na eficiéncia de conversao de combustivel. Analogamente, o modelo proposto
também permitiu alterar pardmetros geométricos do motor visando minimizar o consumo
especifico de combustivel. Observou-se ainda que, apesar de a reducio do didmetros do furo
da pré-camara produz um aumento da poténcia e reducdo do consumo especifico de
combustivel, mas que essa reducdo ndo pode ser feita de forma exagerada, pois nesses
casos pode causar efeitos contrarios de piora do desempenho do motor.

Palavras-chave: Motor de combustdo, GT-POWER, simulagado preditiva, ignicao por jato

turbulento
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1 INTRODUCTION

The purpose of internal combustion engines is to convert heat into mechanical work.
They are widely used by the automotive industry for their robustness and high power-to-weight
ratio, and this is clearly evident by the fact that there are about two billion internal combustion
engines in use today (HEYWOOD, 2018). Spark-ignition (SI) and diesel engines are significant
sources of air pollutants. The spark-ignition engine exhaust gases contain oxides of nitrogen
(nitric oxide, NO, and small amounts of nitrogen dioxide, NO2) collectively known as NOx,
carbon monoxide (CO), and organic compounds, which are unreacted or partially reacted fuel
hydrocarbons (HC). (HEYWOOD, 2018). The increase in pollutants released into the
atmosphere has generated more and more environmental concerns, and this, combined with
the rising cost of fuel, has made it necessary to reduce the amount of pollutants and fuel
consumption by internal combustion engines. Different strategies and technologies have been
developed to meet these two needs, pre-chamer ignition systems, non-conventional cycles
(Miller and Atikson), turbochargers, variable valve timing, direct injection (DI), lean mixtures,
controlled auto-ignition (CAl), with special attention for biofuels, (RODRIGUES FILHO et al.,
20186) In fact, combustion engines are the biggest consumers of fossil fuels, according to (Reitz
et al., 2020) being responsible for consuming about 70% of the fuels derived from petroleum,

as can be seen in the Figure 1.1.
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Figure 1.1 — World energy consumption by source (millions of petroleum equivalent) in the
last 25 years. Source: Reitz et al., 2020 - Adapted

Regulations of CO2 emissions and pollutants are becoming more stringent, which

increases the interest in technologies that can promote its reduction while increasing fuel
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conversion efficiency without compromising performance. In order to achieve these goals,
studies have been conducted on new spark control systems, advanced combustion
technologies, and alternative fuels.(Hua et al., 2020) and (CRUZ et al., 2016a).

The electrification of vehicles is another alternative to replacing petroleum derivatives in
the transport sector. As reported by Anfavea (National Association of Automobile
Manufacturers), 34,990 electric vehicles (including hybrid-electric versions) were licensed in
Brazil in 2021. This number represents 2.15% of the total number of flex-fuel vehicles licensed
in 2021 (1,624,348 according to ANFAVEA, 2022). The low market share of electrical vehicles
(EV) may be a result of their high price, low autonomy of electric vehicles compared to internal
combustion vehicles, and the lack of charging stations in highways and cities associated with
the long charging time. Other aspects such as emissions during battery production and the
scarcity of noble metals to meet global demand are other obstacles that could prevent electric
vehicles from replacing combustion vehicles. (MALAQUIAS, 2019).

The pollutant emissions level due to the use of EV is influenced by the country's energy
matrix, with oil as the dominant source in Africa, Europe, and America and coal as the leading
source in Asia and the Pacific. (BP GROUP, 2021). The relevance of the transport sector in
greenhouse gas emissions can be seen in Figure 1.2. Based on information published by
(Reitz et al., 2020) the transport sector contributes about 10% of all greenhouse gases
released into the atmosphere, while the energy sector, for example, is responsible for more
than 40% of these emissions.
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Figure 1.2 - Global warming potential in billion tons of CO; equivalent by sector. Source:
Reitz et al., 2020 - Adapted
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In recent years, internal combustion engines have come under strong criticism, driven
by environmental policies and agreements, such as the Kyoto protocol, attributing to them their
responsibility for the emission of greenhouse gases (GHG) and the use of non-renewable fuels,
characteristics of its use. Among the gases resulting from the combustion process, carbon
dioxide (CO2) contributes to the intensification of the greenhouse effect that raises the planet's

average temperature, causing climate change. (MALAQUIAS, 2019).

One solution to reducing CO- emissions in the transport sector is the use of ethanol as
a substitute for fossil fuels as it can be produced from renewable sources. The production of
ethanol, like gasoline, emits CO; into the atmosphere during the planting of the raw material
and the production of the fuel (HILOIDHARI, 2021). However, unlike fossil fuels, during the
planting phase sugar cane and other plants used to produce ethanol absorb CO; from the
atmosphere through photosynthesis and can therefore be considered a clean fuel as it has
emissions of CO; equivalents close to 0 gCO2/km when considering the entire ethanol cycle.
(EMBRAPA, 2023) and (INMETRO, 2019)

Electrification of the fleet in Brazil, as a solution to reducing greenhouse gas emissions,
would require the implementation of an entire new energy distribution infrastructure and vehicle
charging points. Furthermore, Brazil has an advantage in the use of biofuels because, in
addition to being one of the world's largest ethanol producers, the country also has an entire
fuel distribution and sales infrastructure with almost 300 distribution centers and more than
40,000 points of sale. of fuels in which ethanol can be found for sale. (ANP, 2023)

Among the main goals in studying the use of the pre-chamber in internal combustion
engines is its potential to reduce specific fuel consumption and emissions, with special
attention to nitrogen oxides, due to the lower in-cylinder gas temperature. Pre-chamber ignition
system (PCIS) also produces higher heat release and combustion rates, lower engine cyclic
variation, extend the lean mixture formation limit and decreases the in-cylinder gas

temperature and combustion duration in comparison with traditional engines.

The use of a pre-chamber ignition system (PCIS) produces some desirable effects on
the combustion process. The decrease of in-cylinder temperature associated with a shorter
combustion duration makes the engine less prone to knock, hence allowing the use of higher
compression ratio that contributes to achieve higher fuel conversion efficiency. Due to the
turbulence generated by ignition systems with pre-chambers and the consequent

homogenization of the air-fuel mixture contained in the main combustion chamber, the use of
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pre-ignition chambers promotes faster combustion than the traditional spark system if
considered the same air-fuel ratio. Chen et. al. (2022) and (ROSO, 2019).

1.1 MAIN GOALS

This work aims at the development, calibration, and validation of 1D mathematical model
to evaluate the performance, specific fuel consumption and combustion parameters of
Stratified Torch Ignition (STI) Engine fueled with gasohol (E25).

1.2 SPECIFIC OBJECTIVES

To achieve the main goal, the following specific objectives were established:
1 - Obtaining engine data, necessary for building the model.
2 - Construction of a 1D mathematical model in the GT-Power software that represents the
combustion system coupled with and without pre-chamber.
3 - Calibration of the simulated the baseline and the STI engine model, based on experimental
data.
4 - Engine simulation for different volume and diameter ranges of pre-chamber.

5 - Model validation and Results analysis.
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2 LITERATURE REVIEW

In this chapter, the concepts necessary for the development of this work are discussed.
This bibliographic review is divided into two parts. In the first part, the basic concepts about
the functioning of internal combustion engines are described. The second part presents the

state of art of the pre-chamber ignition system (PCIS)

2.1 FUNDAMENTAL CONCEPTS

The fundamental concepts about the internal combustion engines covered include the
operation of four-stroke spark ignition engines, the theoretical and real cycles that govern them,
the processes of air-fuel mixture formation and the formation of vehicle emissions. In addition,
combustion processes and their possible abnormalities are mentioned, providing a concise

overview of the principles of the combustion engine.

2.1.1 FOUR STROKE SPARK-IGNITION ENGINES

There are many different types of internal combustion engines. They can be classified
by application, basic engine configuration, working cycle, valve location, fuel, method of
mixture preparation, method of ignition, and combustion chamber design among other
important features. Most vehicular reciprocating engines operate on what is known as the four-
stroke cycle. Each cylinder requires four strokes of its piston — two revolutions of the
crankshaft — to complete the sequence of events that produces one power stroke. The four-
stroke engine was initially described in 1862 by French engineer Alphonse Beau de Rochas
but is commonly called the Otto cycle engine, in reference to the German scientist Nikolaus
Otto who patented and ran his prototype in 1876. (Heywood, 2018). The operation of this type

of motor is illustrated in Figure 2.1.
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Figure 2.1 - The four-stroke operating cycle. (Heywood, 2018)

(a) An intake stroke, which starts with the piston moving from the top dead center (TDC)
toward de bottom dead center (BDC), which draws fresh air or fuel-air mixture into the cylinder.
To increase the mass inducted, the inlet valve opens shortly before the stroke starts and closes

after it ends.

(b) A compression stroke, which starts with the piston at BDC and ends at TDC, when
the mixture inside the cylinder is compressed to a small fraction of its initial volume. Toward
the end of the compression stroke, combustion is initiated, and the cylinder pressure rises
more rapidly.

(c) A power stroke, or expansion stroke, starts with the piston at TDC and ends at BDC
as the high-temperature, high-pressure gases push the piston down and force the crank to
rotate. About five times as much work is done on the piston during the power stroke as the
piston had to do during compression. As the piston approaches BDC, the exhaust valve opens
to initiate the exhaust process and drop the cylinder pressure to close to the exhaust system
pressure.

(d) An exhaust stroke, where, as the piston moves from BDC to TDC, the remaining
burned gases exit the cylinder: first, because the cylinder pressure may be significantly higher
than the exhaust pressure; then as these gases are swept out by the piston as it moves toward
TDC. As the piston approaches TDC the inlet valve opens and just after TDC the exhaust valve

closes, and the cycle then starts again. (Heywood, 2018)
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2.1.2 THEORETICAL AND REAL CYCLES FOR SPARK-IGNITION ENGINES

Theoretical cycles are simplified representations of real cycles, and they are used to
represent it more easily and to simplify calculations related to the operation of engines. The
theoretical Otto cycle consists of four processes: Isentropic compression, heat-addition at
constant volume, isentropic expansion, and heat rejection at constant volume. It is important
to notice, that in the theoretical cycles the combustion process is replaced by a heat transfer
process at constant volume and the working fluid is air, which behaves like an ideal gas with
constant specific heat. Figure 2.2 (a) demonstrates the real PV diagrams (pressure x volume)

of an otto engine compared with an theoretical Otto cycle, showed in Figure 2.2 (b).
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Figure 2.2 — a) Real PV diagram; b) Theoretical Diagram - Adapted from (Heywood, 2018)

2.1.3 FUEL

Fuel is a chemical substance that, when reacting with an oxidant, undergoes a chemical
reaction called combustion, in which a certain amount of energy is released in the form of heat.
The fuels commonly used in automotive vehicles are gasoline and diesel oil, which are derived
from petroleum. Among the alternative fuels to petroleum derivatives, there are alcohols,
mainly ethanol and methanol, natural gas, hydrogen, and biodiesel, each with different

characteristics that make them better depending on the application. Baeta (2006)

2.1.3.1 ETHANOL

According to Baeta (2006), ethyl alcohol is a chemical compound of the alcohol family
with the basic formula C2HsOH. Ethanol can be obtained by fermenting vegetables rich in
sugars, such as sugarcane in Brazil. Currently, the largest producers and consumers of ethanol

in the world are the USA and Brazil. In the USA, ethanol is produced in anhydrous form from
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corn, being used mainly in the mixture with gasoline up to a percentage of 15% by volume
(E15) for vehicles exclusively powered by gasohol. In Brazil, ethanol is produced from sugar
cane and is used in two ways. In the form of anhydrous ethanol mixed with gasoline, with
percentages of up to 27% in volume (E27). It is also produced on a large scale in the form of
hydrated ethanol, containing 96% ethyl alcohol and 4% water by volume, used in multi-fuel
vehicles (PETROBRAS, 2021). The main advantages of using ethanol are the fact that it is a
renewable fuel that can be obtained from numerous sources, has a high-octane number that
results in a high resistance to the occurrence of knock, allowing the use of higher compression
ratios, and less pollutant emissions when compared with gasohol. Ethanol also has a high
latent heat of vaporization that results in the cooling of the inlet and compression process, in
the case of using a PFI injection system, leading the engine to be less prone to knock. The
main disadvantages of ethanol are its lower heating value, compared to gasoline, its greater
amount of aldehydes in the exhaust gases and might cause greater corrosion in some engine
parts and systems. (Sandoval, 2018).

The complete combustion of ethanol reacting with air can be described as shown in the
Equation 2.1:

C,HsOH + 30, + 11,28N, = 2C0,+ 3H,0 + 11,28N, (2.1)

2.1.3.2 GASOLINE

Gasoline is the main fuels used in internal combustion engines applied to light vehicles
and is a mixture of compounds, mainly hydrocarbons extracted from petroleum. Its average
molecular composition is represented by C8H15, and its molecular weight is equal to 111
kg/kmol. Gasoline can also be represented by the iso-octane hydrocarbon C8H18 since its
structural and thermodynamic characteristics are very close to those of gasoline. However,
some chemical characteristics of iso-octane are different, such as the octane number, which
in gasoline is around 90 and iso-octane is 100, and the air/fuel mass ratio, which for gasoline
is around of 14.6:1 and for iso-octane it is 15.1:1. Since the best approximation in terms of
octane number and air/fuel mass ratio for gasoline is achieved with C8H15, it was decided to
use this hydrocarbon to represent gasoline. Baeta (2006), (RODRIGUES FILHO, 2014).

The complete combustion of gasoline reacting with air can be described as shown in the
Equation 2.2:

C8H18 + 12,502 + 47N2 = 8C02 + 9H20 + 47N2 (22)
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2.1.4 AIR-FUEL MIXTURE

The air/fuel mixture is created by the fuel injection, which can take place directly in the
cylinder (DI) or through the intake port (PFI), and which is controlled by the engine injection
module through solenoid valves, which controls the injection time and whose activation
frequency is dependent on the engine load. There are two types of direct injection systems:
low-pressure direct injection, which takes place at the end of the intake stroke, and high-
pressure direct injection, which takes place during compression, shortly before the ignition of
the mixture of air/fuel. The latter provides the formation of the stratified mixture, which is the
spatial variation of the lambda factor in the combustion chamber. When using passive pre-
chambers, the fuel injection can be indirect (PFI1) or low pressure direct, so that there is enough
time for the air to mix with the fuel before ignition, and the resulting mixture can be either rich,
stoichiometric, or lean. The mixture is stoichiometric if the amount of oxygen present is equal
to the theoretical amount necessary for the complete combustion of the oxidizer, obtaining as
a combustion product carbon dioxide (COz2) water (H20O) and inert gases present in the intake
air. The mixture is considered lean when the amount of fuel is less than that required for
stoichiometric combustion and rich when the amount of fuel is greater. So rich mixtures work
with a lack of oxygen and lean mixtures with excess. For pure ethanol, for example, the
stoichiometric amount of air required for combustion is 9.0 kg of air for every kg of fuel.
(RODRIGUES FILHO, 2014). Due to the variation in the composition of the A/F mixture
between different engines and in their different regimes, a factor, known as Lambda (M), is
defined, obtained from the ratio between the values of the actual and the stoichiometric air/fuel
mass ratio, according to the equation 2.3. (HEYWOOD, 2018).

_ (e,

A=,

(2.3)

A: lambda factor;
A/F(r): actual air/fuel mass ratio;
A/F(s): stoichiometric air/fuel mass ratio;

The indicated power, the specific fuel consumption (SFC) and emissions of the engines
are directly influenced by the lambda factor. As can be seen in Figure 2.3 the maximum power
(Pina) occurs with slightly rich mixtures, and the lowest specific consumption point (SFC) is
obtained with slightly lean mixtures.
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Figure 2.3 - Effect of the fuel/air equivalence ratio on indicated mean effective pressure,
specific fuel consumption, and fuel conversion efficiency — (HEYWOOD, 2018).

2.1.5 THE FORMATION OF VEHICULAR EMISSIONS

It has been mentioned before that ideally, combustion produces only carbon dioxide,
water vapor, and nitrogen, which would leave the engine inert. However, in practice, engines
emit other gases caused by combustion that does not take place in an ideal manner. Thus, the
exhaust gases of spark ignition engines contain nitrogen oxides, carbon monoxide and organic
compounds, which are mainly hydrocarbons unburned (HEYWOOD, 2018).

As well as the power and consumption of engines, one of the most important variables
in pollutant emissions is the lambda factor. As can be seen in the Figure 2.4, for richer mixtures
there is an increase in unburned hydrocarbon and carbon monoxide emissions and mixtures
closer to stoichiometric tend to provide an increase in nitrogen oxide emissions. For very lean

mixtures there is an increase in unburned hydrocarbon emissions.
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Figure 2.4 — Variation of HC, CO, and NO concentration in the exhaust engine with relative

air-fuel ratio and fuel/air equivalence ratio — (HEYWOOD, 2018).

The increase in cylinder pressure forces some of the gas into crevices of small volumes
connected to the combustion chamber, volumes between the piston, rings, and cylinder wall.
Most of this gas in the crevices is not burned and escapes from the combustion process
because the entrance of these slits is too narrow for the entrance of the flame. This un-burned
gas, which leaves these crevices during expansion and exhaustion processes, is the main
source of hydrocarbon emissions. Another source is the extinction of flames on the walls of
the combustion chamber due to low temperatures. An additional source of hydrocarbons is
believed to be engine oil left in a thin film on the cylinder liner. This oil layer absorbs and
desorbs the hydrocarbon components of the fuel, before and after. combustion respectively,
thus allowing a fraction of the fuel to escape primary combustion unburned process. The
mechanisms for CO emissions formation are largely similar to those for HC emissions. The
main difference lies in the fact that, unlike the hydrocarbons that leave the engine without being
burned, carbon dioxide is the product of incomplete combustion of the fuel, either due to lack
of sufficient time for combustion or due to the extinction of the flame front. The formation of

nitrogen oxides is endothermic and happens mainly because of the high temperatures inside
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the cylinder. Under these high temperatures and pressures, nitrogen reacts with oxygen

molecules to form nitrogen monoxide and nitrogen dioxide. (HEYWOOD, 2018).

2.1.6 COMBUSTION AND ABNORMALITIES OF COMBUSTION

Once the process of admitting the mixture of air and fuel in the internal combustion
engines of spark ignition is finished, the upward movement of the piston begins, thus
compressing the mixture in the cylinder. Near the end of the compression stroke, the ignition
system provides an electrical spark promoting the start of combustion, which generates a flame
front that rapidly grows towards the cylinder walls. This electrical spark is provided by a spark

plug installed directly in the combustion chamber (Sl). (Sandoval, 2018)

In the normal process of combustion on a Sl engine, the mixture is ignited by the
electrical spark and forms a well-defined flame front. This flame front separates the burned
and unburned mixture portion and travels from the spark plug electrodes to the other end of
the combustion chamber. If the temperature at any point in the cylinder reaches the ignition
temperature value for a sufficient time, abnormal ignition reactions will occur, and they are
called surface ignition or self-ignition. Abnormal combustion in Sl engines reveals itself in
several ways and can occur for different reasons, such as low-quality fuels, very high
pressures, higher than normal temperatures or even geometric design parameters and
materials of the engine. These abnormal combustion phenomena are worrisome because,
when severe, they can cause catastrophic failure of the engine. Nevertheless, even if they are
not intense, they are unwanted mainly because of the strong noise generated. Knock is the
name given to the noise which is transmitted through the engine structure when spontaneous
ignition occurs. (HEYWOOD, 2018). Figure 2.5 shows the in-cylinder pressure with normal
combustion (a), occurrence of low-intensity knock and (b), and occurrence of high-intensity
knock (c). It is observed that the pressure peak in the second Figure 2.5 (b) is higher and

occurs earlier than in the normal engine cycle.
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Figure 2.5 — Cylinder with normal combustion (a), low-intensity knock and (b), high-intensity
knock (c) — (HEYWOOD, 2018)

2.1.7 ENGINE PERFORMANCE PARAMETERS

The main performance parameters of internal combustion engines are presented below.
These parameters are fundamental for evaluating the efficiency and power of an internal

combustion engine.

2.1.7.1 MEAN EFFECTIVE PRESSURE

Some parameters are generally used in evaluating the performance of internal
combustion engines. Among them, the most common are the power and torque produced by
the engine. However, these parameters are very dependent on the size of the engine and,
therefore, are not the most suitable for comparing the performance of different engines. Thus,
the Mean Effective Pressure (MEP) is a more appropriate parameter to compare engine
performance, Specific fuel consumption (SFC) and emissions.

The Mean Effective Pressure (MEP) is an engine performance measure obtained by dividing
the work per cycle by the cylinder volume displaced by cycle. This parameter has unity of
pressure hypothetical pressure, on PV diagram that would produce the same cycle work if it
were kept constant, as shown in Figure 2.6. It is an important engine load parameter, so it is
used to compare the performance, emissions, and combustion parameters of different

engines.
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Figure 2.6 — Representation of Engine Mean Effective Pressure. Source: Jankowski and
Kowalski, 2015 - (Adapted)

IMEP - Indicated Mean Effective Pressure, considers the cycle work extracted from the from
the work fluid inside the cylinder. The IMEP calculation can be done using equation 2.4
IMEP = e (2.4)
Va
BMEP - Brake Mean effective pressure, considers the passive engine friction losses, thus

relating to shaft work. The BMEP is obtained by subtracting the work related to friction from
the work resulting of the working fluid.

PMEP - Pumping Mean Effective Pressure, represents the pumping work performed by the
piston in the intake and exhaust processes.

FMEP - Friction Mean Effective Pressure, indicates the friction losses in the engine, and
constitutes the average pressure produced in the expansion phase, which would be necessary
to have a mechanical friction work produced by the engine per cycle. Thus, these Mean
Effective Pressures are related in the Equation 2.5 (HEYWOOD, 2018):

IMEP = FMEP + PMEP + BMEP (2.5)
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2.1.7.2 ENGINE EFFICIENCY

The mechanical efficiency of an internal combustion engine is determined by the ratio
between the shaft work done (W},) and the work indicated (W;). This parameter is influenced
by pumping work in the intake and exhaust processes, which affects shaft work. Mechanical
efficiency is also affected by engine speed and load, as well as by the mechanical design of
the components, which can increase losses resulting from friction between moving parts. At
low loads, the pumping work is more significant, resulting in lower mechanical efficiency due
to higher friction losses. However, as the engine load increases, the indicated power increases
more sharply in relation to the friction losses, since the butterfly valve opening increases,
reducing the pumping losses. Therefore, there is an increase in the mechanical efficiency of
the engine, accompanied by a reduction in specific fuel consumption. The mechanical
efficiency is calculated according to the Equation 2.6.

w
M = 7. (2.6)

The volumetric efficiency of an internal combustion engine is determined by the capacity
of the intake system to admit atmospheric air or air/fuel mixture into the cylinder. This
parameter is calculated as the ratio between the mass flow rate of air admitted to the cylinder
and the volumetric displacement rate produced by the reciprocating movement of the piston.
Mechanical components such as air filter, intake duct, butterfly valve, intake manifold and
intake valves influence the volumetric efficiency by reducing the mass flow of air due to the
pressure drop imposed by the flow in these components. The volumetric efficiency also
depends on the reference temperature, the specific mass of the admitted air and the engine
speed. The volumetric efficiency of 4-stroke engines is calculated according to the Equation
2.7.

__2x60xmg

VT paxVgxN (2.7)

Where:

m, = Air mass flow into the cylinder [kg/s];
pq = Specific gravity [kg/m3];

vV, = Displaced volume in the Cylinder [m3];

N = Engine rotation [rpm];
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The theoretical thermal efficiency of an internal combustion engine is determined by the
ratio between the work produced and the heat supplied. Higher compression ratio can increase
the thermal efficiency of the engine. The compression ratio C, is calculated as the ratio
between the maximum and minimum volume of the cylinder, which occurs respectively with
the piston at the Bottom Dead Center (BDC) and Top Dead Center (TDC). In practice, the
increase of the volumetric compression ratio is limited by the appearance of knock, a
phenomenon undesirable for combustion in internal combustion engines. The theoretical

thermal efficiency is calculated according to the Equation 2.8.
1
ne=1-= (2.8)

During the combustion process, not all fuel molecules react completely, resulting in a
small fraction of unburned or partially oxidized fuel after the flame front has ended. Combustion
efficiency is calculated as the ratio between the energy released during the combustion
process and the energy supplied in the fuel per cycle. The energy released in combustion is
determined by the difference in enthalpy of formation between the products before combustion
and the reactants after burning. Fuel conversion efficiency measures the engine's ability to
convert fuel energy into brake power (HEYWOOD, 2018). Combustion efficiency is calculated

according to the Equation 2.9.

— fp~hr
Me myg.LHV

(2.9)
Where:

h,, = Enthalpy of products [kJ];

h,. = Enthalpy of reactants [kJ];

m; = Fuel input mass per cycle [kg];

LHV = Lower Heating Value [kJ/kg];

2.1.8 COMBUSTION PARAMERES

In conventional spark ignition engines, ignition is triggered when a minimum portion of
the air/fuel mixture reacts after being exposed to an electrical spark, whose temperature varies
between 3000 and 6000 °C. The crucial factor for the initiation of combustion lies not in
temperature, but in molecular excitation and ionization. If the ignition energy is insufficient,
combustion will not occur, except for a small portion of fuel in direct contact with the electric

spark.
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Due to the non-instantaneous nature of combustion, but rather its duration over a finite
time interval, it begins at the end of the compression time, preceding the moment at which the
piston reaches Top Dead Center. Once initiated, combustion propagates through conduction,
diffusion, radiation, and convection of heat, resulting in the heating and ignition of the remaining
portion of the unburned mixture, as well as an increase in pressure within the combustion

chamber.

Thus, the conduction and diffusion of heat from the fresh mixture to the burned mixture
plays a crucial role in the combustion process. The flame propagation speed is intrinsically
linked to the properties and conditions of the mixture. In the absence of any directed flow within
the combustion chamber, the flame front will spread uniformly in all directions, consequently
assuming a spherical geometry (RODRIGUES FILHO, 2014); (HEYWOOD, 2018).

Measuring gas pressure in the cylinder in relation to the angular position of the
crankshaft, together with calculating the volume available in the cylinder, makes it possible to
determine crucial parameters for combustion analysis. Among the prominent combustion
parameters are the mass burned fraction (MBF), as seen in the Figure 2.7, the heat release
rate (HRR), the IMEP, as mentioned previously, and the covariance of the IMEP (Cov IMEP).
The variation in the pressure curve from cycle to cycle is a phenomenon known as cyclic
variability, whose quantification is inferred by the IMEP covariance, represented by the ratio
between the standard deviation and the mean IMEP. The IMEP covariance serves as an
indicator of combustion stability, and it is desirable that its value is less than 3.5% (HEYWOOQOD,
2018).
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Figure 2.7 — Typical MBF curve of an engine. Source: (HEYWOOD, 2018) (Adapted)
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Where:

A 6, = Angular displacement from zero to 100% of mass burned;

A 6, = Angular displacement from 10% to 90% of mass burned (MBF 10 - 90);
A 64 = Angular displacement of 10% of mass burned;

6s = Combustion start angle;

6109 = Angle of combustion where 10% of the mass is burned;

Os0% = Angle of combustion where 50% of the mass is burned;

690% = Angle of combustion where 90% of the mass is burned;

O100% = Angle of combustion where 100% of the mass is burned.

The mass burned fraction allows us to analyze important combustion parameters, such

as the beginning, speed, and end of combustion, among which the following stand out:

Combustion starts: Due to the enormous variability of the ignition process, the start of
combustion is considered when 5% of the fuel mass has been burned, MBF 5. Alternatively,
the start of combustion can be considered at MBF 10.

End of combustion: Analogous to the ignition process, the flame extinguishing process
is also characterized by high variability. Thus, the end of combustion is considered when 90%

of the fuel mass has been consumed, MBF 90.

Burn angle: Called fast burn angle, it corresponds to the angular displacement of the
engine during the combustion process, disregarding the initial and final 10% of the burning
process. In this way, the fast burn angle is obtained by subtracting MBF10 from MBF 90, being
identified by the acronym MBF10-90. The MBF10-90 is an inference of the speed of the
combustion process (HEYWOQOOD, 2018).

2.1.9 PRE-CHAMBER IGNITION SYSTEM

The pre-ignition chamber system consists of using a combustion pre-chamber instead of
the conventional spark plug to initiate ignition in the main chamber. In this system, the spark
plug, which is installed in the pre-chamber, produces the spark that starts combustion, the
flame expands and is then expelled through one or more orifices that connect the pre-chamber
and the main chamber. Through these orifices, the combustion products in the pre-chamber

are expelled at high speed, causing ignition in the main chamber.
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There are two possible types of prechambers: active and passive. In the passive
chamber type, the mixture present inside the main chamber is compressed and part of it is
admitted into the pre-chamber. A Fuel injection can be done in the intake port (Port Fuel

Injection - PFI) or directly into the main chamber (Direct Injection - DI).

In the case of the active pre-chamber there is an injector installed in the pre-chamber
and there may or may not be a fuel injector in the main chamber. In this method it is possible
to work with a stratified mixture, as it is possible to choose to operate with a rich or
stoichiometric mixture in the pre-chamber and a lean mixture in the main chamber, in addition

to the possibility of performing multiple injections in the pre-chamber.

There is also another classification of pre-chambers that refer to the speed at which
combustion products are expelled through their orifices. The speed of the jet leaving the pre-
chamber towards the main chamber can be greater than the speed of sound propagation
(supersonic), less (subsonic) or equal (sonic). If the jet is subsonic, the ignition system is then
designated as Torch Ignition. When the jet reaches supersonic speeds, the system is called
Turbulent Jet Ignition (TJI) or just Jet Ignition. (CRUZ et al., 2016b, HUA et al., 2016b, HUA et
al., 2021).

2.2 SIMULATION OF INTERNAL COMBUSTION ENGINES

Simulations on internal combustion engines are a way to study their most important
parameters and optimize their design, generating less polluting and more efficient engines.
Through one-dimensional modeling we can evaluate engine performance, combustion
efficiency and emissions in a simplified way, whether through predictive or non-predictive
models.

2.2.1 INITIAL CONSIDERATIONS

One-dimensional modeling in internal combustion engines is a computational approach
that allows analyzing the behavior of internal combustion engines performance and
combustions parameters, fuel conversion efficiency and emissions by solving the conservation
equations of mass, linear momentum, and energy. In this type of simulation, the characteristics
of the engine are represented by means of networks of pipes and control volumes, where the
equations that describe the behavior thermofluiddynamic of the flow are solved in only one
spatial direction. For the discretization of the problem, the entire domain is divided into several
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volumes, where each discretized unit is represented by a volume and each engine's conduit
and tube divided into several volumes, where the scalar quantities are considered uniform
within each volume and the vector quantities are given in the limits of the volume. This

discretization strategy is called a staggered grid and is illustrated in Figure 2.6.
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Figure 2.8 — Stepped grid approach in the one-dimensional simulation on GT-SUITE Source:

Gamma Tecnhologies (2016).

By means of one-dimensional simulations, since the fuel addition data, heat transfer, and
friction are accounted for, it is possible to simulate the transport of mass, moment, and energy
of all components found in the operation of an engine and also to predict the behavior of
thermodynamic cycles and performance. The spatial discretization in the flow direction is due
to the numerical modeling of the intake and exhaust ducts, by interconnecting blocks that
represent the characteristics of the implemented duct. As stated in the GT-SUITE manual of
the GT-Power software, it is indicated as a discretization that the intake ducts are up to 40%
of the piston diameter and 55% for the exhaust ducts, due to the influence of temperature and
pressure at the speed of sound. For high rotations, above 6000 rpm or for acoustic analysis,
the discretization values must be reduced by half. (GAMMA TECHNOLOGIES, 2022).

Combustion process modeling can be characterized by transferring a defined amount of
a mixture of unburned fuel and air to a zone of burned gases within the combustion chamber.
At each time interval, the air-fuel mixture is transferred from the unburned zone to the burned
zone. This mass transfer between these two zones results in the release of chemical energy
in the chamber, generating an increase in pressure and temperature inside the combustion

chamber.
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GT-POWER's combustion models can be predictive or non-predictive. A non-predictive
combustion model imposes a combustion rate as the user inputs on the software the in-cylinder
pressure curve, obtained previously by means of experiments. In this way, the combustion
rate is not affected by factors such as the residual fraction of gases and the ignition time. On
the other hand, a predictive combustion model calculates the combustion rate considering the
combustion chamber geometry, spark plug location, ignition and injection timing, gas exchange
and thermodynamic properties of the fuel. However, it is important to highlight that even
predictive models require further validation based on experimental data. In both predictive and
non-predictive engine models, when calibrated based on experimental data, it is recommended
that model errors be less than 5.0% for all operational cases studied. (GAMMA
TECHNOLOGIES, 2022), (SANTOS,2023)

2.2.2 SIMULATION WITH NON-PREDICTIVE MODELS

There are two main models applied for non-predictive simulation of combustion engines
in GT Power. These models are the Wiebe combustion model and the Three Pressure Analysis
(TPA) model.

The Wiebe combustion model is a non-predictive model used for simulation in Sl engines
that impose the combustion rate using the Wiebe function, approximating the combustion rate
of the simulated case to the typical form of the combustion rate of an S| engine. This
combustion model is convenient for cases where the simulation time must be shorter, because
instead of using the entire pressure-pressure curve inside the combustion chamber, only
combustion rate parameters such as MBF10, MBF50, MBF90, and Wiebe exponent must be
provided by the user (GAMMA TECHNOLOGIES, 2016).

Another non-predictive combustion model is the Three Pressure Analysis (TPA), where
the burning rate is calculated from three pressures — pressure in the combustion chamber,
pressure in the intake, and pressure in the exhaust — This approach requires more detailed
information about valves and ports. The methodology for simulating combustion applying the
TPA model is given as follows. For the first cycle, any burning rate is assumed, and for
subsequent cycles the simulation pauses at the start of each cycle where the burn rate is
calculated by applying the in-cylinder conditions for that point, along with the experimentally
measured pressure curve. The heat transfer rate is obtained from the result of the previous
cycle. The simulation then continues, and the previously calculated burn rate is imposed during

the cycle. Finally, the cycles repeat until steady-state convergence is reached. Both methods
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— combustion model by Wiebe and Three Pressure Analysis — analyze the measured cylinder
pressure and automatically generate a burn profile object containing the calculated burn rate.
However, if measured cylinder pressures and boundary conditions are available, the TPA
model is the recommended method of implementing a nonpredictive combustion model.
(GAMMA TECHNOLOGIES, 2022).

2.2.3 SIMULATION WITH PREDICTIVE MODELS

Predictive models increase the complexity of computational calculations, demanding
higher computational power and longer simulation time compared to non-predictive models.
These combustion models calculate the combustion rate by considering combustion chamber
geometry, spark plug location, ignition and injection timing, gas exchange, and thermodynamic
properties of the fuel. (GAMMA TECHNOLOGIES, 2016b).

The Spark-Ignition Turbulent Flame Model on GT Power is a predictive model used for
simulation in Sl engines that calculates the combustion rate based on the cylinder's geometry,
spark locations and timing, air motion, and fuel properties. Unless the head and piston have
simple dome and cup geometries, it is necessary to set the shape of the combustion chamber.
There are four attributes in the model template which should be used for calibration, which are
indicated in red in the equations below. These attributes are Cpg, Ctrs, C1is and Crkg they are
defined in the program according to the Equation2.10 and Equation 2.11 that are presented
below. After building the model these four attributes need to be adjusted and calibrated so that
the model matches the experimental data. Laminar Flame Speed. The laminar flame speed is

calculated by the following equation as mentioned earlier.

@, B
S, = (B + Byp(¢' — &'m)?) (TT—“f) (%) f(Dilution) (2.10)

1 — 2,06(Dilution)®77*CpE Model Version < v 74

f(Dilution) = { o 7 .
1-0,75* Cpg (1= (1= 0,75 = Cpg * Dilution))” Model Version = v 75

2.11)

Where:
S, = Laminar Flame Speed [m/s];
B,, = Maximum Laminar Speed [m/s];

By = Laminar Speed Roll-of Value [m/s];
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¢' = Equivalent ratio;

¢’ = Equivalent ratio at Maximum Speed;

T,, = Unburned gas Temperature [K];

T,.; = Reference Temperature [298 K];

a = Temperature Exponent;

B = Pressure Exponent;

Dilution = Residual mass fraction in unburned zone.
P = Pressure [kPa];

P..; = Reference Pressure [101325 Pa];

The unburned mixture of fuel and air is entrained into the flame front through the flame
area at a rate proportional to the sum of the turbulent and laminar flame speeds. The burn rate
is proportional to the amount of unburned mixture behind the flame front, (Me - Mb), divided
by a time constant, t. The effects of turbulent intensity and length scale can be modified using
the Turbulent Flame Speed Multiplier (Ctrs) and Taylor Length Scale Multiplier (Cris).
Additionally, the Flame Kernel Growth Multiplier (Crks) can be used to adjust the initial growth
rate of the flame kernel (GAMMA TECHNOLOGIES, 2022).

dM,
s = pyAe (S + 1) (2.12)
aMp _ (Me+Mp) (2.13)
dg T
=l (2.14)
St

St = Crpsu’ 1-—— o2 (2.15)

1+CFK(;(L—1;)

C L;
Aryy = % (2.16)
Re, = 2xtti 2.17)

Hu
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Where:
M, = Entering mass [kg];
My, = Burned mass [kg];
py = Unburned density [kg/m3];
A, = Surface area at flame front [m?];
T = Time constant [s];
t=Time [s];
Ary = Taylor microscale length;
S = Turbulent Flame Speed [m/s];
u' = Turbulent intensity;
Ry = Flame radius [m];
L; = Integral length scale;
Re; = Turbulent Reynolds number;

1y, = Unburned zone dynamic viscosity [N.s/m?].

2.2.4 HEAT TRANSFER MODELS

Engine operation is characterized by thermal exchanges, being those more significant in
the pistons during the compression and combustion strokes, although they also occur during
the expansion and discharge strokes. The heat exchange between the combustion gases and
the cylinder walls, which at first seems irrelevant, proves to be fundamental for the correct
understanding and correlation of the combustion process of internal combustion engines.
Because it is an extremely complex and dynamic process, which involves large variations in
pressure and temperature inside the cylinder, as well as in the piston speed, one of the best

ways to calculate heat exchange in cylinders is by using empirical equations.

The convection heat transfer model used by simulation software for internal combustion
engines was developed by WOSCHNI (1967) and, like several other models in the area of heat
transfer, it is a model that was obtained empirically through experiments. Therefore, the
constants of this equation have been modified over the years to adapt to the evolution of
engines and for their implementation in computational codes. The modified Woschni equation
applied to the heat transfer model in GT-POWER is called WoschniGT and is given by
Equation 2.18.

0,8 _ vyTy 0,8
he = 3,01426 2,5, + CopeE (i = D) (2.18)
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Where

h. = Convective coefficient [W/m?2.K]:;
B = cylinder bore [m];
P = Cylinder pressure [kPa];
Pi = Instantaneous pressure in the cylinder [kPal];
Pm = Fluid pressure in the cylinder in motoring [kPa];
P: = Fluid pressure in the cylinder before combustion [kPa];
T = Cylinder temperature [K];
T: = Temperature of the fluid in the cylinder before combustion [K];
V4 = Displaced volume [m?3];
V. = Volume of fluid in the cylinder before combustion [m3];
Sp = Average piston speed [m/s];
Constants C4 and C;are from the WoschiniGT model, with constant C1 given by Equation

2.19 and constant C, equal to 0.00324 for the period of combustion and expansion and O for

the time of compression, intake and exhaustion.

C, =228+ 3,9.Min[ m 1] (2.19)

)
Mey X f

Where
m = Instantaneous mass flow rate, summed over valves and orifices through which flow is
currently entering cylinder [kg/s];

meyi = INstantaneous cylinder mass [kg].

f = Engine frequency [rev/s].

The heat transfer model used by GT-Power requires input of cylinder wall, piston and
head temperatures. As these temperatures were not measured in the experiment, the “default”
values suggested by GT-Power were used, being 450K for the cylinder wall, 590K for the piston
and 550K for the cylinder head. (GAMMA TECHNOLOGIES, 2022).
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2.2.5 FRICTION MODEL

The friction model used in GT Power is based on the friction model proposed by Chen-
Flyn, which defines the friction conditions of the moving parts according to the pressure inside
the cylinder and is modeled according to Equation 2.20.

FMEP = FMEPcon5t+ A * PCylymax + BS. Cp'm +Ccpym2 (220)

Where:

FMEP = friction mean effective pressure [bar];

FMEP .nst = constant pressure term, recommended values [0.3 — 0.5bar];

A = Peak pressure factor, recommended values [0.004 — 0.006 dimensionless];

Pcyi, max = Maximum Cylinder Pressure [bar];

Bs = Average speed factor, recommended values [0.08 — 0.010 bar/(m/s)];

C = Average speed factor squared, recommended values [0.0006 — 0.0012 bar/(m/s?)];

Cp,m = Average speed of the cylinder [m/s].

The “A” term influences friction regardless of the load on the cylinder, due to
perimeter friction and existing boundary conditions of the sleeve with the piston. The term “B”
acts on friction proportional to the average velocity of the piston, representing hydrodynamic
friction. The “C” term acts proportionally to the square of the average piston velocity,
representing the turbulent dissipation forces. (HEYWOOD, 1988) presents an alternative to
Equation 3.1 for Sl engines, where the FMEP is calculated for the WOT condition for engines
from 845cm?3 to 2,000cm?® of volumetric displacement, considering only the rotation N [rpm],
given by Equation 2.21.

FMEP = 0,97 + 0,15 (=) + 0,005 (%00)2 (2.21)

Although it does not directly consider the load, the Equation 2.16 also considers the
constant friction, independent of the rotation, the hydrodynamic friction proportional to the
average piston speed and the turbulent dissipation proportional to the square of the average

piston speed.

Auxiliary losses such as water pumps, radiator fans, etc. can also be combined in the
model, although they can be modeled separately if specifically known. There are
recommended values in the GT-Power handbook that are suitable for approximating the

friction of an engine. However, when possible, the experimental determination of the FMEP for
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the simulated engine contributes to improve the specified values for the Chen-Flynn model.
(GAMMA TECHNOLOGIES, 2022).

2.3 STATE OF ART

This section aims to summarize what is available in the scientific literature, with a focus
on pre chamber of Ignition systems and highlighting the impact that the adoption of this ignition
system has on the performance parameters of the engine, such as fuel conversion efficiency,
specific fuel consumption, in the levels of pollutant emissions (NOx, CO,, CO, HC) and also in

the limit of lean operation and in the propensity to Knock.

2.3.1 INFLUENCE OF PRE-CHAMBER GEOMETRY

The pre-chamber design is one of the most important steps for the good performance of
a TJI system in an internal combustion engine. Pre-chamber parameters such as the number
of holes, the diameter of the holes, the volume, the ratio between the volume of the pre-
chamber and the combustion chamber significantly impact the operation of the TJI and,
consequently, the operation of the engine. According to Tang et al. (2022), among the
geometric variables of the pre-chambers, the one that has the greatest influence on the
operation of the engine and on the parameters of performance is the diameter of the
interconnection holes between the pre-chamber and the main chamber. For this reason, most
researchers who study the use of pre chambers analyze the influence of this parameter on
engine’s performance, either through numerical simulations or in experimental analyses. To
help the reader understand this section, the initial part of this section will provide an overview
of the work done by several researchers and what results they obtained after varying the
diameters and number of holes studied. In the following sections, the other results obtained by
them will be shown under the influence of the variation of other parameters, such as the volume
of the pre-chamber, the materials used in its manufacture, the air-fuel ratio, the type of fuel

used, the loads and engine speeds and the compression ratios adopted.

Were experimentally studied by Zhou et. al. (2022), the effects of different configurations
(one-hole, two-hole and three-hole) and diameters of holes (2 to 6mm) in the active pre-
chamber. The engine used was the single-cylinder gasoline research engine Ricardo E6, four
stroke, with a 3,6 cm? prechamber, with represents 7,2% of the main combustion chamber.
The compression rate was 10:1. Very small diameters led to flame extinction and,
consequently, the main chamber ignition retardation, while very large diameter holes produced
low-velocity jets. Thus, the intermediate diameters of 3 to 4 mm were able to increase the peak
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rate of heat release in order to increase the flame velocity without causing the phenomenon of
knock. The inclined triple hole configuration with different diameters showed the best result, as
it showed good jet penetration as in the single and vertical hole configuration, but there was
also good flame propagation as in the inclined double hole, thus leading to low levels of flame.
NOx, lower specific fuel consumption and lambda from 1.4 to 1.7. However, the
impoverishment of the mixture causes an increase in the CoV IMEP, which can be seen in
Figure 2.7 with the increase in emissions of carbon monoxide and unburned hydrocarbons.

The Figure 2.7 show the results of the study with different hole configurations.
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Figure 2.9 — TJI results with different hole configurations under lean-burn conditions.
Emissions of: NOx (a), Hydrocarbons (b), CO2 (c) and combustion efficiency (d) Zhou et. al.
(2022)

In a study by Chinnathambi et al. (2021), different pre-chamber hole configurations were
compared to determine their effects on combustion efficiency. The experimental setup used
was a rapid compression machine, where the prechamber is installed in a test section and this
section is connecter in a hydraulic and a pneumatic section. Both active and passive pre-
chambers were analyzed in this study, and the configurations studied included single holes
(1.85 mm and 2.26 mm diameters), double holes (1.57 mm diameters with converging and
diverging exit in the main chamber), and a configuration called no hole. The compression ratio

used was 11.2, and methane was used as fuel. The results showed that both in the passive
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and active configurations, the single holes of diameter 1.85 mm and the double-diverging holes
resulted in greater penetration and scattering in the main chamber, with the divergent double
producing the best results. The combustion rate was measured for the passive pre-chamber,
and the holes with the best initiation speeds and complete burning were the single holes and
the divergent double. For the active configuration, results varied by hole and system global
lambda, with the fastest speeds observed for the diverging holes. It was concluded that the
initiation speed depends on the pre-chamber lambda and not on the configuration of the holes,
and that the rate of pressure increase does not necessarily indicate combustion efficiency in
the passive configuration, but is a reflection of the duration of burning in the main chamber

The study conducted by Qial et al. (2017) aimed to determine the impoverishment limits
of a hydrogen gas and air mixture for a TJI system with an active pre-chamber. The study
utilized a cylindrical pre-chamber with 101,4 cm?® and a rectangular main chamber with various
nozzle angle configurations and different spark plug positions. The volume ratio between the
prechamber and the main chamber is 1:100. The results showed that the impoverishment limits
were close, but pre-chambers with multiple holes had greater ability to operate with leaner
mixtures, near the flammability limit. The ignition delay in the main chamber was attributed to
the distance of the spark from the pre-chamber nozzle, with greater distance generating more
turbulent jets and penetration. The best performing configuration (nominated Multi Jet) was the
pre-chamber with multiple angled holes and the spark generated by the spark plug in the
position furthest from the pre-chamber nozzle. Figure 2.8 shows that the ignition probability

was, in general, higher for the multiple-hole configurations.

100 - - A g
- Multi o a w
3 80- jet ‘%\;:\“xm__._.;// ,4/ ;
= VoA ;
% 60 - l}" By // *
\/ :
s SR A
et AR K
O 40 o A 4
& i /| = Spark 1 multi
A M 1
I-g L LA e Spark 2 multi
= Spark 3 multi
= 1 7 & & v— Spark 4 multi
oM e —e—Single d = 4.5 mm
+ Singled = 2.6 mm||

. T L T ¥ T L T ¥ T d T S T ¥ 1
025 026 0.27 028 029 030 031 032 033

Figure 2.10 - Ignition probability as a function of mixture leanness (¢) and pre-chamber
settings: Source Qial et al. (2017) ¢



49

The effect of geometry in a passive prechamber was studied by Silva et. al. (2020) using
the CFD CONVERGE simulation software. A Volvo D13C500 engine was used as a base and
the fuel adopted was methane. In the simulation, only one engine cylinder was used, resulting
in a total volume of 2.1 L and a compression ratio of 11.5:1. The total volume of the pre-
chamber varied from 5.40 to 5.03 cm? (6.8% of main chamber volume) due to the variation in
the throat diameter An air fuel mixture of A = 3 was established for both chambers and the
engine speed was 1200 rpm throughout the test. In the study, the diameter of the prechamber
throat (from 3.3 to 5.3 mm), the diameter of the holes (from 1.15 to 1.56 mm) and the length
of the holes (from 1 to 2 mm) of the pre-chamber were varied, the latter having the least impact
on the effective pressure difference and on the time between the extinction of the jet and its
re-ignition in the main chamber. The result obtained in relation to the diameter of the holes was
a higher pressure peak in the main chamber for the holes of smaller diameter and also higher
heat release rate. The study showed also that the configuration with narrow throat emitted
three times less CO and two times less OH due to the faster combustion.

Vera-Tudela et al. (2021) conducted a study to analyze the influence of the hole diameter
in a TJI engine using pure methane as fuel. The study was conducted in a constant volume
combustion chamber, with a volume of 187 cm?® and a pre-chamber volume of 3.6 cm?® (1,9%
of the main chamber). Xenon lights were placed in transparent areas of the combustion
chamber, and high-speed cameras were used to capture images of the flame front. Algorithms
in Matlab were used to obtain the flame's position and propagation rate. Pressure and heat
release rate were measured with sensors in both the pre-chamber and the main chamber.
Prechamber holes of 2 or 4 mm in diameter were used for comparison. The total added heat
was the same for both nozzle configuration, and the larger hole produced torch ignition. Was
also analyzed the dwell time (time between the fuel injection and the spark) and shorter dwell
times resulted in greater turbulence in the pre-chamber, leading to a higher pressure peak in
the pre-chamber and a higher flame propagation speed. The study concluded that a higher
flame propagation speed resulted in a greater pressure increase in the pre-chamber. The
Figure 2.9 shows the results and it can be seen that a smaller orifice diameter restricts the flow
of hot gases from the pre-chamber to the main chamber and causes a higher pressure peak
inside the pre-chamber (a). This phenomenon results in higher velocities, pressures (a) and

higher heat release rate (HRR) in the main combustion chamber (b)
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heat release rate (HRR) (b) for the cases of nozzle diameters of 2mm and 4mm. Source:
Vera-Tudela et. al. (2021)

Hua et al. (2020) and Hua et al. (2021) conducted experiments using a 0.5 L single-
cylinder engine with direct injection and a pre-chamber volume of 1.5 cm?® (3% of the main
chamber) to investigate the effects of pre-chamber design and ignition method on engine
performance and emissions. The engine was operated at 1500 rpm with a compression ratio
of 10:1 and inlet pressure of 1 bar. The ignition method and pre-chamber holes were varied,
and test conditions were divided into groups with different pre-chamber volumes and numbers
of holes. Results showed that pre-chamber volumes and number of holes increased IMEP and
reduced fuel consumption and emissions. Dual ignition had the highest IMEP, while the 7-hole
pre-chamber had the lowest. The 1-hole pre-chamber had the lowest cyclic variation. The
angle of MBF 10-90 was measured, and the order of fastest to slowest burns were: one-hole
pre-chamber, 7-hole pre-chamber, dual ignition, and single ignition. For medium loads, dual
ignition had lower specific consumption and higher IMEP, followed by one-hole TJI. The single-
hole TJI and dual ignition had very low cyclic variability. In the study carried out by Vera-Tudela
et. al. (2021), and in the research carried out by Hua et al. (2021) and Onofrio et al. (2021), it
was shown that the leaner case presented a higher combustion efficiency in with 80% of the
added heat was returned as opposed to only 50% in the case of the stoichiometric mixture,
which showed a reduction in fuel consumption of the order of 8%, a decrease of about 92% in

NOXx emissions, improvements in combustion speed and lower HC emissions.

A study was carried out by Onofrio et al. in an engine Scania D13, 2.1L and six cylinders
adapted to work as a Sl engine and a TJI engine with a pre-chamber of 2.44% of the main
chamber volume. In this study, the engine operating point was 1500 rpm and the PME was of
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10 bar 5 bar or 20 bar. The goal was to select an ideal hole-diameter from three options: 1.4
mm, 1.6 mm and 2.0 mm. To study and analyze the combustion, the cylinder pressure and the
heat rate release were obtained by a 0-D simulation model. The results showed that the
intermediate diameter (1.6 mm) allows a better balance regarding the combustion efficiency,
the CoV IMEP, the combustion speed and less emissions of NOx and HC. In the study, it was
possible to verify that the relationship between NOx and HC emissions is inverse: as NOx
levels decline, HC levels increase, and vice versa. As can be seen on Figure 2.10, using pre-
chamber allows working with leaner air/fuel mixture, however very lean mixtures cause lower
pressure peaks and lower heat release rates.
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Figure 2.12 - Cylinder Pressure and Heat Rate Release. Source Onofrio et al. (2021)

Benajes et al. (2019) conducted a study on TJI with a passive pre-chamber, with the
objective of designing, implementing, and evaluating the pre-chamber to validate a model that
can help in the design of such systems. The pre-chamber was installed in a single-cylinder
research engine and tests were performed with and without the pre-chamber. The pre-
chamber was designed using a 1D Wave Action Model based on the experimental bench and
cylinder parameters. The tests were performed at 4500 rom and 12.5 bar IMEP, which is a
medium-high load condition. The pre-chamber was located on top of the cylinder and used
indirect injection (PFI), while direct injection (DI) was used when the engine was tested without
the pre-chamber (SI). A pre-chamber layout has been added with ducts connecting it to the
main chamber, which represent the pre-chamber holes. A heat release rate (HRR) profile
generated through the Wiebe function was imposed on the main chamber due to the lack of
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experimental data at that time. The diameters of the pre-chamber holes ranged from 0.4 mm
to 0.9 mm with 6 levels. The volume ranged from 400 mm?3 to 1000 mm? (1.33% to 3.33% of
the main chamber) with levels, keeping the number of holes at 6 and the stoichiometric
condition. As evaluation criteria, the amount of fuel present in the pre-chamber at the time of
combustion and the pressure gradient between the main chamber and the pre-chamber at the
time of ejection were used. Two pre-chamber models were chosen, one called pre-chamber
1, with a nozzle diameter of 0.7 mm and a volume of 600 mm? (2.0% of the main chamber),
and another called pre-chamber 2, with a diameter of 0.5 mm and a volume of 900 mm? (3.0%
of the main chamber). Comparing the pre-chambers with the spark-ignition engine, there was
a significant increase in maximum pressure, a faster and more stable burn and as a
consequence an increase in thermal efficiency. The comparison between the spark ignition
engine and the one with the pre-chambers can be seen in Figure 2.11. Comparing the
prechambers with 0.7mm against 0.4mm, the first presented a higher peak pressure value and
greater tolerance to lambda. This result was attributed to a smaller value of the nozzle
diameter, which makes the pre-chamber scavenging process difficult, resulting in a lower mass
of fuel available for combustion and higher values of burned gases present in it. In the entire
operating range, both pre-chambers present higher values of NOx emissions, which were
formed due to the high flame temperatures. In addition, there was no reduction in HC and CO

emissions.

A computational evaluation to study the energy conversion and the combustion process
of lean mixtures in TJI passive pre-chamber systems was carried out by Benajes et al. (2020).
For that, numerical tools were used (0D, 1D and CFD models) previously validated in a four-
stroke turbocharged single-cylinder research engine, using gasoline and 13.4:1 compression
ratio and stoichiometric lambda, in which analyzes are also performed of methods to verify
combustion and energy conversion o in lean mixtures with lambda equal to 2. Different pre-
chambers were used in the work, with different amounts (4, 6 and 10 holes), hole diameter
(normalized diameters in relation to to the diameter of the first pre-chamber, in the ratios of
0.6; 1 and 1.6), different volumes of pre-chambers (volumes normalized in relation to the
volume of the first pre-chamber, in the ratios of 0.7; 1 and 1.3) and the ratio of the pre-chamber
areatoits volume (1.2 1/m; 2.2 1/m; 3.9 1/m; 4.1 1/m and 4.4 1/m). It is important to emphasize
that the values of the diameter of the holes and the volume of the pre-chamber 1 are not
mentioned in the work. The first analysis performed is regarding the residual gases that remain
in the pre-chamber after combustion. They led to a decrease in the laminar velocity of the
generated flame and reduced the tolerance of using external EGR in the system. The cleaning

(scavenging) of the pre-chamber is an important point and it was concluded that it is controlled
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by the force that the piston imposes on the mixture in the compression time of the engine, and
if the ratio of area and volume of the pre-chamber is kept constant then the amount of residual
gas in it remains constant. It was also found that large pre-chamber volumes combined with

small holes worsen the pre-chamber scavenging process.
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Figure 2.13 — Comparison of the pressure inside the cylinder (a) and heat release rate (b) of
the engine with and without pre-chamber. Source Benajes et al. (2020).

An experimental study carried out by Tang et al. (2022) aimed to apply advanced
observation techniques to guide the design and analyze the combustion in a TJl engine with
an active pre-chamber. The techniques used were chemiluminescence and simultaneous
laser-induced fluorescence (PLIF). The pre-chambers design consists of 3 different
geometries, which maintain the orifice area and vary the ratio between the pre-chamber
volume and the cylinder volume. In addition, one of the PCs uses a larger throat diameter than
the other two (5.3 mm compared to 3.3 mm). The pre-chambers have 12 holes arranged in
two different rows (top and bottom). From what was observed by these imaging techniques, it
was observed that, in thin-throat pre-chambers, the performance is not so sensitive to the
volume of the PC, and those with greater volume present only a greater variation in pressure
in the pre-chamber while combustion in the main chamber remains practically the same.
Furthermore, as previously mentioned, it was found that the most relevant dimension is the
throat diameter, in which a larger diameter presents a slower penetration in addition to
producing a smaller peak pressure variation. Finally, different jet characteristics were observed
between the lower and upper prechamber columns due to local pressure differences. A pre-
chamber with a smaller throat diameter result in a greater pressure gradient between the lower

and upper rows of holes.

(Duan et al., 2021) proposed an experimental investigation of Turbulent Jet Ignition
different from what is usually found in the literature. According to the authors, other works focus
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on "optimal points" of operation to demonstrate those predicted by the TJI, including the
reduction of fuel consumption and pollutant emissions. In this analysis, the analysis was
directed to situations of low load or low engine speed, because these conditions are critical for
pre-chamber operation due to a greater tendency to combustion instability. Tests were
performed on a 1.5 L turbocharged, direct injection engine with a compression ratio of 11.0:1.
The 1.3 mL passive pre-chamber (3% of the volume of the main chamber in TDC) was
mounted on the underside of the M8 sail. The PC is made up of four holes, each 1.5 mm in
diameter, with a jet angle equal to 140°. An important data from Maserati concerns the thermal
conductivity in the pre-chamber, which must be greater than 150 W/m.K to avoid overheating
and structural damage to the engine.

The use of pre-chamber provided advancement of combustion phasing by 7.1° CA,
reduction of specific fuel consumption by 24 g/kWh accompanied by a slight increase in
maximum pressure in the combustion chamber and reduction in abnormal combustion
propensity. At 2000 rpm and partial loads (BMEP between 0.8 and 1.6 MPa), the thermal
efficiency of the PC equipped engine increased from 0.8 MPa (peak Sl: 36.9% at 0.8 MPa;
peak PC: 37.5% at 1.2 MPa). Below this BMEP, the pumping and thermal losses were higher.
Higher loads improved combustion phasing and fuel consumption. In all BMEPs, the use of a
pre-chamber reduced the duration of combustion. At lower loads, there was a slight increase
in fuel consumption, higher NOX formation (up to 15%) and less HC formation (up to 36%). At
idle, the use of the pre-chamber resulted in the worst combustion stability, as the low
temperature prevented the proper propagation of the flame front, even causing its
extinguishing in extreme cases. To overcome this negative point, it was found that the delay
in injection timing, to a certain extent, minimized the IMEP covariance, although it did not reach
the spark ignition threshold.

Several important geometric parameters were studied by Maserati and published in a
patent specification document (Maserati, 2019). According to the study, the main objective of
adopting the combustion pre-chamber in the engine is not to burn lean mixtures, as in the case
of several known systems, but to increase the engine's resistance to knock. The increase in
knock resistance, for example in the case of a supercharged engine, allows the engine to be
configured with a higher compression ratio by more than 15% compared to a conventional
engine. With respect to the holes, they preferably have a diameter of the order of 0.8 to 1.8

mm distributed around the surface of the pre-combustion chamber and may also include a hole
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concentric with the axis of said pre-chamber. The diameters of 1.8 mm and with concentric
hole showed better values of fuel conversion efficiency and a better cleaning process
(scavenging) of the burned gases. The axis of each hole is inclined with respect to the axis of
the pre-chamber by an angle that can be between 0 and 80 degrees. According to Benajes et
al. (2020), the cleaning (scavenging) of the pre-chamber is an important point and it was
concluded that it is controlled by the force that the piston imposes on the mixture in the
compression time of the engine, and if the area and volume ratio of the prechamber is kept
constant then the amount of residual gas in it remains constant. It was also found that large
pre-chamber volumes combined with small holes make the cleaning process worse. The
reduced volume of the combustion pre-chamber (about 3% of the volume of the main chamber)
adopted in the engine according to the invention makes it possible to minimize thermal losses
due to the increase in the heat transfer surface. The increase in thermal losses is more than
offset by the increase in compression ratio obtained due to the increase in knock resistance.

The pre-chamber volume in the turbulent jet ignition (TJI) process directly impacts the
flame propagation velocity and also the knock tendency. Chen et. al. (2022) explored the
effects of TJl in a stoichiometric operating regime and a slightly leaner mixture (lambda from
1.0 to 1.2) in a single-cylinder engine with a high compression ratio through optical access,
evaluating a pre-chamber of 1805 mm? and another of 855 mm? (1.7% and 3.7% of the dead
volume of the main chamber, respectively). The studies showed that the higher volume passive
pre-chamber produced higher peak values of heat release rate (3.6 bar/deg versus 1.4
bar/deg) and higher combustion speed compared to the lower one. However, due to pumping
losses and heat dissipation (due to the larger area of the pre-chamber), a lower IMEP value
was verified for the pre-chamber of greater volume (6.2 bar against 5.75 bar). Compared to a
conventional Sl engine, the TJI resulted in lower levels of combustion instability and higher

thermal efficiency due to higher flame speed in lean operating regime.

The main information in terms of prechamber geometry, collected from the authors
studied, are summarized in Table 2.1. The values indicated after the arrows represent the best

values among those studied.
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Table 2.1 — Summary of important geometric parameters about the use of pre-chamber of
Combustion. Source: Author

NV = Normalized Volume

CR: Compression Ratio

PC: Pre-Chamber

ND = Normalized Diameter

SFC: Specific Fuel Consumtion

Tested Values - Best Result

Author PA:':S:;:,Z D.(::‘t;at D. Holes (mm) N2 Holes | Vol. PC (cm3) | % Vol. PC CR
Zh(';: :;)a'- A 2'_3'34'&5;6 1t03->3 3.6
| s | o [P e
Silva et al. b 3.3,4.3,5.3 | 1.15,1.37,1.56 12 5.03t05.4 |around3.4| .
(2020) >5.3 >115 >5.4 %
| a0 [rwon] S0
Ht;;;ze:)al. p 1.5 4 1.3 3 11.0:1
C':t"ar:a(tz'::‘zr:)bi AeP 1.85,1.57,1.26 215 1121
Ben(azjgz (;a)t al. P ND 4,6,10 NV 13.4:1
e oav2 | 1 | a6 | o
el I 2
Onc:;:i)t;f)t al. A 1,4t02> 1.6 6 4.67 2.4 12.1:1
“:';0‘;:);"- p 1.5t04>4 | 1,71 1.5 03 |10.0:1
T |
'V(':;‘ig;“ P 0,8to1.8 3.0

2.3.2 INFLUENCE OF FUEL AND COMPRESSION RATIO

Bureshaid et al. (2019a) and Bureshaid et al. (2019b) carried out experiments on a

single-cylinder research engine with optical access with a compression ratio of 8.4:1 to analyze

the effects of using hydrated ethanol (E90W10), anhydrous ethanol and gasoline in the TJI

system with active pre-chamber and passive and also to determine the levels of pollutant

emissions and the combustion process. The experiments were carried out in the fully open

throttle valve (WOT) condition and at 1200 rpm. The pre-chamber used has 6 holes of 1.25

mm each and a volume of 1 cm?, representing 1.27% of the dead volume of the main chamber.

The results indicated that ethanol produces less cyclic variability, with a CoV IMEP of 2%,

while gasoline obtained a CoV IMEP of 3.5%, both for an injection of 0.3 mg/pulse. As the pre-
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chamber pressure with ethanol was higher compared to that fueled by gasoline, the
propagation distance of the jet between its extinction and reappearance was greater for
ethanol compared to gasoline. For the configuration with passive pre-chamber, there was a
slight increase in the maximum lambda factor (maximum excess air considering a CoV IMEP
of up to 5%) for all fuels. Compared to the Sl system, the TJI system with passive pre-chamber
enabled an increase in lambda from 1.1 to 1.2 by injecting gasoline into the main chamber.
For anhydrous ethanol, lambda increased from 1.25 to 1.35 and for hydrated ethanol the
variation was from 1.25to 1.3. These increases can be explained by the combustion at multiple
points and by the increase in combustion speed provided by the TJI system. For the
configuration with active pre-chamber, it was found that NOx emissions were reduced with
increasing lambda due to lower combustion temperature, with gasoline being the fuel that
produced the highest NOx emission, followed by hydrated ethanol and anhydrous ethanol. In
the case of HC emissions, anhydrous ethanol produced lower emission values in the entire
lambda range (1.2 to 2.2). For lambda of 1.2, anhydrous ethanol resulted in 360 ppm of HC
emissions, which is lower than that of hydrated ethanol (415 ppm) and gasoline (490 ppm).
This lower value was due to the higher flame speed and shorter duration of combustion

produced by anhydrous ethanol.

A survey was carried out by Kheyrollahi et al. (2021) regarding the influence of the
compression ratio in a 0.662 L four-cylinder engine equipped with a combustion pre-chamber,
engine speed of 1500 rpm and three compression ratios were used: 11.5, 13.5 and 16. The
engine load varied between the values of 25%, 50%, 75%, 94% and 100%. The results showed
that the lean limit of the mixture increased at all engine loads when the pre-chamber was used.
It was still possible to verify that the temperature of the exhaust gases decreased with the
increase of the compression ratio, as can be seen in Figure 2.12. According to the authors,
this phenomenon occurs as a result of the shorter ignition delays and duration of combustion
and the significantly leaner mixture, which results in better thermal efficiency as heat losses
decrease. In addition, the CoV was reduced by up to 1% with the use of the pre-chamber,
while the thermal efficiency and the specific fuel consumption improved by up to 9% and 11%,
respectively, with the help of an increase in the compression ratio. In this same scenario, with
regard to pollutant emissions, it was possible to verify that there was a reduction in CO levels

at all engine loads, while NOx levels reduced especially at low loads.
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Figure 2.14 — Exhaust gas temperature as a function of load, compression ratio and lambda

factor. Source Kheirollahi et al. (2021)

Sens and Binder (2019) studied the use of passive and active pre-chamber compared to
conventional Sl engines. The experiments were carried out in a single-cylinder research
engine at 1500 rom and 2000 rpm, 6 bar and 16 bar BMEP, 0.9 to 2.2 lambda and with a
compression ratio of 10:1 and 12:1. The results showed that the use of the passive pre-
chamber produced a reduction in combustion duration of up to 30% compared to the Sl system,
with the peak of heat release being advanced by about 5° CA. In addition, increasing the
compression ratio from 10:1 to 12:1 reduced specific fuel consumption by up to 1.2% at 200
rom and 16 bar BMEP and 3.2% at 1500 rpm. and 6 bar BMEP. These decreases in specific
consumption are explained by the decrease in combustion duration and by the advance of the
release peak, factors that compensate for the greater heat loss to the walls in the pre-chamber
system, compared to the Sl engine.

2.3.3 FINAL CONSIDERATIONS ON THE LITERATURE REVIEW

Regarding the diameter of the pre-chamber hole, Zhou et al. (2022) found that very small
and very large diameters led to problems, but intermediate diameters of 2 to 4 mm improved
peak heat release rate and flame velocity without causing knock. In their study, a smaller
diameter of 1.85 mm resulted in greater penetration and flame spread in the main chamber.
Silva et al. (2020) found that smaller diameter holes (1.15 to 1.56 mm) produced higher
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pressure peaks in the main chamber. Vera-Tudela et al. (2021) verified that a 4 mm diameter
hole in the passive pre-chamber was unable to extinguish the flame. Onofrio et al. (2021)
studied the influence of pre-chamber hole diameter on efficiency, CoV IMEP, speed of
combustion, and emissions. They found that an intermediate diameter of 1.6 mm and a lambda
of approximately 1.7 provided a better balance of these factors. Thus, it can be concluded from
these studies that smaller hole diameters produce greater penetration and flame spread with
consequent higher peak pressure in the main chamber. Also, larger diameters are not able to
extinguish the TJl jet as it passes through the pre-chamber holes, which causes greater engine
heating and can lead to self-ignition and other problems due to overheating.

The performance of pre-chamber holes is influenced by their orientation and
arrangement. Multiple holes more effectively distribute the turbulent jet in the main chamber,
increasing the combustion rate. The inclined triple hole configuration with different diameters
shows the best result. Diverging holes in the pre-chamber produce higher jet velocities,
penetration, and scattering in the main chamber. The probability of ignition in lean mixtures is
higher in pre-chambers with multiple angled holes. Residual gases remaining in the pre-
chamber after combustion lead to decreased flame velocity and reduced tolerance of external
EGR use. The cleaning of the pre-chamber is important and is influenced by the force the
piston imposes on the mixture and the number and arrangement of holes. A small number of

holes or holes with narrow diameters make cleaning the pre-chamber difficult.

Choosing the type of fuel used in the TJI system is also a topic of important analysis.
Bureshaid et al. (2019a) found that hydrated ethanol produces lower cyclic variability
compared to gasoline. As the pre-chamber pressure with ethanol was higher compared to that
fueled by gasoline, the propagation distance of the jet between its extinction and reappearance
was greater for ethanol compared to gasoline. Bureshaid et al. (2019b) concluded that in
relation to the impoverishment threshold (with CoV IMEP of up to 5%), anhydrous ethanol
provided an increase in lambda from 1.25 to 1.35 and for hydrated ethanol the variation was
from 1.25 to 1 .3 compared to gasoline. For lambda of 1.2, anhydrous ethanol resulted in 360
ppm of HC emissions, which is lower than that of hydrated ethanol (415 ppm) and gasoline
(490 ppm). This lower value was due to the higher flame speed and shorter duration of

combustion produced by anhydrous ethanol.
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3 METHODOLOGY

This chapter aims to present the technical specifications of the engine, the computational
models created, the calibration and validation of the 1D mathematical models developed in
GT-Power and the experimental operational points considered for analysis of performance and

combustion parameters.

3.1 SIMULATED ENGINE DATA

The engine used for the creation of the model in the GT-POWER software was the Ford
Sigma 1.6 16V four-stroke and four-cylinder in-line, represented by Figure 3.1. Engine
performance was characterized for IMEP [bar], specific fuel consumption (BSFC), [g/kWh].
Torque [N.m], power [kKW] and air and fuel flow were also analyzed and are presented in annex
2. The most important characteristics of the engine are presented in Table 3.1. The
environmental conditions during the experimental tests, which serve as a reference for the
simulations, were a temperature of 27 °C and an absolute pressure of 0.92 bar, and the fuel

used was E25 gasohol.

The ratio between the volumes of the main chamber and the pre-chamber of 7.3%. This
volumetric fraction corresponds to a volume of 2.912 cm? or the volume of the pre-chamber to
be used in the Ford Sigma 1.6 16V engine. The interconnection holes between the pre-
chamber and the main chamber must have a minimum diameter, so that the flame does not
extinguish when passing through its interior. Various configurations regarding the arrangement
and number of interconnecting holes can be used. For cases of more than one interconnection
hole, the diameter of the equivalent holes can be calculated, depending on the cross-sectional
area and wetted perimeter. For this work, an interconnection configuration equipped with one
central hole of 6 millimeters was adopted as used by Rodrigues Filho, 2014. The Table 3.1

shows the motor data used in this work.

All experimental data cited and used in this work to calibrate the mathematical models
were obtained from Rodrigues Filho, 2014. The scope of this work was limited to mathematical

modeling.



Figure 3.1 — Ford Sigma Engine 1.6 16V (Source: Avelar 2018)

Table 3.1 - Used Engine data - Source: (Rodrigues Filho, 2014). Adapted

Displacement 1596 cm?
Number of cylinders: 4 in Line
Valves per cylinder 4 Valves
Weight 76 kg
Block, cylinder head,
pistons and crankcase Aluminum
material
Bore x Stroke 79 x 81,4 mm
Compression ratio: 11:1
Intake Valve Lift 7.55mm
Eexhaust Valve Lift 6.35mm
Intake Valve Diameter 30.1mm
Exhaust Valve Diameter 24.1mm
Maximurm oower Gasohol: 110 cv / 6250 rpm;
P Ethanol: 115 cv / 5500 rpm
Gasohol: 154,9 kgfm / 4250
Maximum torque rom Ethanol: 158,8 kgfm /
4250 rpm
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3.1.2 GEOMETRIC DATA OF ENGINE AIR DUCTS

The dimensional geometric data of the engine intake and exhaust manifolds, which serve as
input for the creation of the model, are presented in the Table 3.2.

Table 3.2 - Engine’s geometric data (Source: Avelar 2018. Adapted)

Part Diameter Length Material

Intake Manifold 69mm 210mm Plastic
Intake Manifold - Plenum 90mm 365mm Plastic
Intake Manifold - Primary 40mm 230mm Plastic
Exhaust Manifold - Primary 40mm 200mm Steel
Discharge Collector 42mm 3800mm Steel

3.1.3 VALVE OPENING CURVE

The lifting curve of the intake and exhaust valves as a function of the angular position of
the engine shaft is shown in the figure Figure 3.2. The zero in the figure corresponds to the

compression top dead center of cylinder 1.
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Figure 3.2 - Valve lifting curve. (Source: Avelar, 2018. Adapted)
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3.2 ANALYZED OPERATION POINTS

The engine's operating points that were simulated are shown in the Table 3.3. For each
lambda value at a constant speed of 2500 rpm, four different engine loads were simulated.
The first line of the Table 3.3 refers to the baseline engine, without the pre-chamber, and the
remaining lines refer to engine data using the pre-chamber.

Table 3.3 - Simulated operating points. Source: Author

2500 rpm
Lambda - A 28 - IMEP [bar] | 38 - IMEP [bar] | 47 - IMEP [bar]
1.0 - (Baseline) |3.66 5.19 6.17
1.0 - (Torch) 4.45 5.42 -
1.1 - (Torch) 4.23 5.65 -
1.2 - (Torch) 4.52 5.79 -
1.3 - (Torch) 413 5.54 -

3.3 CALIBRATION METHODOLOGY

Numerical model calibration should be performed using experimental data to minimize
mismatch with numerical results. For these adjustments, some multipliers of the flow, friction
in mechanical parts and heat transfer functions can be used to obtain a correlation between
the models. The greater the amount of experimentally measured data, the better the
adjustments obtained. To calibrate the model in terms of performance, were used the specific
fuel consumption (SFC) and indicated mean effective pressure (IMEP), as well as torque,
power, air, and fuel mas flow [kg/h] were also analyzed.

The complete geometry of the intake and exhaust ducts, engine cylinder and engine
valve lifts were implemented, as well as combustion data acquired in the TPA Model, such as
the burn rate by Wiebe exponents, the MBF 50, the MBF 10-90 and the fraction of fuel burned.

In Figure 3.3, the blocks used in GT-Power for engine modeling can be seen.
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3.4 MODELS CREATED IN GT POWER

In this work, two types of models were created: predictive and non-predictive. Finally, in
the predictive models some geometric changes were made. These templates are described in
this section.

The models were created and drawn manually in the GT Power interface itself, where
the software provides standardized templates for all sections and components of the engine,
and based on their dimensions and characteristics, the models that best represent the engine

studied were created.

3.4.1 NON-PREDICTIVE MODEL WITHOUT PRE-CHAMBER

Based on the geometric data of the engine and intake and discharge ducts, as well as
roughness and transfer characteristics of heat from the materials of these parts, the first model
of the engine was built. This first model is based on the baseline spark ignition engine without
pre-chamber. The Figure 3.3 shows this first model that was developed in the software.
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Figure 3.3 — Non-predictive model without pre-chamber. Source: Author
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Based on experimental data, combustion was modeled in a non-predictive way. After
that, the model must go through the calibration step, where the mass and fuel airflow rate, and
injection timing are iteratively calibrated so the simulation will only converge if the simulated
data reaches the measured results with a maximum tolerance of 5%. Figure 3.4 schematically
represents the calibration process. It is calibration methodology was the same used for the

adjustment of all other built models.

Model simulation with Comparison of the
default parameters |——p| simulated results with |g——
set by GT Power the experimental data

Simulation with
adjusted parameters

The simulated results T

are compatible with NOT
. ————
the experimental

data?

v

YES

Calibrated model

Figure 3.4 - Calibration process of simulated models. Source: Author

Due to the simplifications necessary for the implementation of the model and adequacy
of the materials available in the library, multiplier coefficients that act in the calculation of friction
and heat transfer from the fluid to the wall are available to adapt the model to the actual
conditions observed. As these equations used in computational models come from empirical
models, these multipliers are a way for the model to be adjusted, within certain ranges, to new
experimental data entered by the. These calibrated multipliers are shown in the Table 3.4.
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Table 3.4 - Multipliers of friction and heat transfer models. Source: Author

Multiplier Object value
Heat transfer multiplier in the exhaust manifold 0,99
Intake manifold friction multiplier 1,0
Heat Transfer Multiplier in the exhaust manifold 1,0
Exhaust Manifold Friction Multiplier 1.03
Cylinder Convection Multiplier 0,89
Inlet Valve Lift Multiplier 1,0
Exhaust Valve Lift Multiplier 1,0
Inlet Valve Flow Area Multiplier 1,0
Exhaust Valve Flow Area Multiplier 1,0
Radiation Multiplier in the cylinder 1,0
Constant part of FMEP [bar] 0,3
Peak Cylinder Pressure Factor 0,004
Mean Piston Speed Factor [bar/(m/s)] 0,09
Mean Piston Speed Squared Factor [bar/(m/s)?] 0,001
Wiebe Exponent 2,0

The developed model was calibrated, and Figure 3.5 shows the P x V diagram of the
cycle obtained with experimental data in blue and numerical data in orange for the baseline
engine under conditions of 2500 rpm and IMEP of 3.6 bar. Figure 3.6 shows the gas pressure
curve in the cylinder obtained with experimental data in blue and numerical data in orange for
the baseline engine under conditions of 2500 rpm and IMEP of 3.6 bar.
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Figure 3.5 - P x V for 2500 rpm and IMEP of 3.66 bar. Source: Author
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Figure 3.6 - In cylinder pressure for 2500 rom and IMEP of 3.66 bar. Source: Author

The Table 3.5 shows the experimental and numerical values of power, torque, air, and fuel
mass flow [kg/h], specific consumption and IMEP and their respective errors after model
calibration for the baseline engine under conditions of 2500 rpm and IMEP of 3.66 bar.

Table 3.5 - Comparison between numerical and experimental data. Source: Author

Numerical | Experimental| Error
Power [kKW] 11.14 11.52 3.30%
Torgue [N.m] 42.55 43.98 3.25%
BSFC [g/kW.h] 322.4 332 2.89%
Fuel Flow [kg/h] 3.35 3.41 1.76%
Airflow [kag/h] 43.85 45.3 3.20%
IMEP [bar] 3.79 3.66 3.55%

3.4.2 NON-PREDICTIVE MODEL WITH PRE-CHAMBER

The second model elaborated was based on the previous model, with the same
characteristics and geometric data. The main difference, in this case, it is due to the use of the
pre-chamber of combustion to replace the spark plug in the engine's original system. The

Figure 3.7 shows this second model developed.
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Figure 3.7 - Non-predictive model with pre-chamber. Source: Author

It is possible to notice the presence of pre-chambers at the top of all cylinders, as well
as the presence of a fuel injector for each pre-chamber. This, like the first model, is a non-
predictive model and has been calibrated in the same way as the above based on experimental
data, and the models and results obtained will be presented in the next chapter. Non-predictive
simulation refers to a form of simulation that does not aim to predict the actual behavior of a
system, but to reproduce its operation under a known condition. It is important to emphasize
that non-predictive simulation should not be confused with low-quality or inaccurate simulation.
Although it does not provide exact quantitative results, non-predictive simulation can be a
valuable tool for understanding and qualitatively analyzing complex systems, especially when
detailed data or knowledge is limited.



69

3.4.3 PREDICTIVE MODELS WITH PRE-CHAMBER

The third built model was also based on the geometric data of the engine, intake and
discharge ducts, roughness characteristics and heat transfer of the materials. This model also
has a pre-combustion chamber like the second model. The main difference of this one is that
this is a predictive model, that is, this model is built based on specific technical information of
the engine in question, such as geometric specifications, flow characteristics and experimental
data and through mathematical modeling the predictive model is capable to predict the
operation of the engine under conditions different from the experimental ones. Presenting the
model figure would be redundant, as visually it would be the same as the one shown in the
previous Figure 3.7. The difference is in the mathematical equation behind it, which is able to
predict the burning in the combustion chamber.

The same calibration methodology was used to adjust the predictive model, however as
shown in the predictive combustion modeling section, to calibrate the combustion in the pre-
chamber, it is necessary to use four multipliers, described below:

TFSM - Turbulent Flame Speed Multiplier: This multiplier is used to modify the calculated
turbulent flame velocity and influences the total duration of combustion. Higher values increase

the burning rate.

TLSM - Taylor Length Scale Multiplier: This multiplier is used to modify the calculated value of
the combustion time constant of the air/fuel mixture drawn into the flame zone, changing the
thickness of the region that limits the burned mixture from the unburned one. This multiplier

mainly influences the final part of the combustion curve and is relatively insensitive.

FKGM - Flame Kernel Growth Multiplier: This multiplier is used to modify the calculated value
of the flame front growth rate and influences the ignition delay. Larger values shorten the delay,
advancing the transition from laminar combustion to turbulent combustion, having its greatest

effect on ignition advancement.

DEM - Dilution Exponent Multiplier: This multiplier is used to modify the effect of waste dilution
and EGR on laminar flame velocity. Increasing this value reduces the dilution effect on the
laminar flame velocity and increases the burn rate. The greatest effect of this parameter is

shown in the ratio of residual gases, mainly in conditions of partial loads.
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The Table 3.6 shows the calibrated parameters referring to the predictive combustion
model, as well as the minimum and maximum values given by default by the software. The

predictive models and the results obtained will also be presented in the next chapter.

Table 3.6 - Calibrated parameters of predictive combustion model. Source: Author

Def. Def.
Min. Max. | Adjusted
TLSM 0.5 2 1.5
TFSM 0.5 2 0.5
FKGM 0.1 1 0.33
DEM 0.7 1.6 1.0

3.4.4 PREDICTIVE MODELS WITH VARIATIONS IN PRE-CHAMBER GEOMETRY

As previously mentioned, based on the created predictive model, it becomes possible to
predict the engine performance by changing some parameters of its operation or geometric
characteristics. In other words, a well-calibrated model can predict the engine operation in
other conditions not experimentally tested. For this purpose, a last category of models was
created in which some geometric characteristics of the pre-chamber of combustion were
changed based on the already calibrated model. The geometric parameters changed were the
pre-chamber's volume and the diameter communicating it with the main chamber.

Figure 3.8 illustrates the methodology used in this part. In the first column, the volume of
the pre-chamber used in the tests was kept constant (7.3% of the main chamber volume) and
with the effect of diameter variations (4mm, 5mm, 6mm, 7mm and 8mm respectively) of the
pre-chamber orifices. In the second part, the diameter of the interconnection orifice of the
experimentally tested prechamber (6mm) was kept constant and the volume of the prechamber
was varied (6.5%, 7.0%, 7.3%, 8.0 % and 8.5% of the main chamber volume, respectively).
This entire methodology was applied, after validating the model for the pre-chamber with its
experimentally tested geometric configuration.

Two predictive models were simulated with variations in prechamber orifice diameter and
prechamber volume. They are "model 28 with prechamber and lambda 1.10" and "model 38

with prechamber and lambda 1.10", among all the cases presented in figure 3.8.
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Diameter V_pcf V_cc
———— b 4 mm —————— B 6,5 %
e 5 mm " 7,0 %
l 7,3 % — 6 mm 6 mm J-—> 7.3 %
R — 7 mm — 8,0 %
—_— 8 mm — 8,5 %

Figure 3.8 — Variations in the diameter and volume of the pre-chambers. Source: Author

It is worth mentioning that the central line of the Figure 3.8 — where the volume
corresponds to 7.3% and the diameter is 6 mm — is the reference case and the other values in

the other lines are the simulated variations.

3.5 FINAL CONSIDERATIONS ABOUT THE NUMERICAL MODEL

A one-dimensional model of the proposed engine was built, using the GT-Power
computational program, operating with E25, with and without pre-chamber, predictive and non-
predictive. Based on experimental data, its calibration was carried out for all the requested
operating conditions with numerical error always below 5%. Thus, the numerical results

obtained from the implemented model can be considered satisfactory.
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4 RESULTS

In this chapter, numerical results obtained from specific fuel consumption, IMEP are
presented. Numerical results are compared with experimental results at various loads, air/fuel
ratio variations and geometric variations in the pre-combustion chamber. All pressure curves,
and detailed result values of non-predictive simulation, for all cases compared to experimental

data, are shown in Annex 1.

4.1 PERFORMANCE AND RESULTS ANALYSIS FOR NON-PREDICTIVE MODELS

This topic presents the simulated results obtained for all experimental operating
conditions with the non-predictive models, as shown in Figure 3.3. The Figure 4.1 shows the
comparison of simulated IMEP values with experimental data for all 11 simulated cases at
2500 rpm. This type of comparison is fundamental, as it allows evaluating the accuracy of the

simulation model in replicating real conditions observed experimentally.
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Figure 4.1 — Comparison of simulated IMEP values with experimental data at 2500 rpm.

Source: Author

The proximity of the simulated IMEP values to the experimental data indicates the accuracy of

the model. A significant difference could suggest the need for adjustments to the simulation
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model, such as improving theoretical assumptions, reviewing boundary conditions or

calibrating specific engine parameters.

The Figure 4.2 shows the percentage error values between the simulated and
experimental IMEP values results for all 11 simulated cases. This figure shows graphically that
the errors between the simulation and experimental data are less than 5.0%, which shows the

accuracy of the models.

PC - Prechamber BL - Baseline

4,86%
0,

SO0 355%  4.96% 4,35% 4,08%
X 300% 2, 40%
— ' 0,
= 2.00% 1,42%
£ 1,00% .
S 0.00%

2.00%
= .3.00%

; -2,65% -2,94% -3,61%

-4,00%
28-BL 28-PC 28-PC 28-PC 28-PC 38-BL 38-PC 38-PC 38-PC 38-PC 47-BL
A=1 A=1 A=1.1 A=12 A=13 A=1 A=1 A=11 A=12 A=13 N1

Figure 4.2 — Percentage error between the simulated and experimental IMEP values at 2500
rpm. Source: Author

The Figure 4.3 shows the comparison of simulated BSFC values with experimental data
for all 11 simulated cases.
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Figure 4.3 — Comparison of simulated BSFC values with experimental data at 2500 rpm.

Source: Author
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In the same way as for IMEP in Figure 4.1, we note that the simulated values are very
close to the experimental ones, showing the accuracy of the model. Another piece of
information worth highlighting is that there is an approximately linear reduction in specific fuel
consumption that occurs both with increased engine load and with impoverished mixture,

which is more efficient with the use of pre-chambers.

The Figure 4.4 shows the percentage error values between the simulated and

experimental BSFC values results for all 11 simulated cases.
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Figure 4.4 — Percentage error between the simulated and experimental BSFC values at 2500
rpm. Source: Author

The Table 4.1 presents the results of all evaluated parameters, for each of the eleven
simulated cases containing for each of them the experimental data, the simulated values, and
their respective percentage errors. Detailed results and pressure curves for all simulated cases
are presented in Annex 1. Figures with comparisons between simulated and experimental

values of torque, power, air flow and fuel flow are presented in Annex 2.



Table 4.1 — Summary of experimental data, simulated values,

percentage errors. Source: Author
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and their respective

4.2 PERFORMANCE AND RESULTS ANALYSIS FOR PREDICTIVE MODELS

Two cases were simulated in a predictive way and the results are shown in this section.

28
Baseline A=1 With Pre-Chamber A=1 With Pre-Chamber A=1.1
Fuel Air Fuel | Air Fuel Air
BSFC IMEP Flow | Flow Power |Torque | BSFC IMEP Flow | Flow Power |Torque | BSFC IMEP Flow | Flow Power |Torque
[g/kwW.h] | [bar] [kwW] | [N.m] |[g/kwW.h] | [bar] [kw] | [N.m] |[g/kW.h] | [bar] [kw] | [N.m]
Al tke/h] | Tke/h) - lkg/h | Tkg/n] a fkg/] | tkg/h]
Simulated 336,29 | 3,79 | 3,35 | 43,85 | 11,14 | 42,55 | 318,90 | 444 | 3,51 | 47,36 | 11,03 | 42,13 | 312,32 | 4,44 | 3,49 | 50,31 | 11,19 | 42,75
Experimental | 332,00 | 3,66 | 3,42 | 45,30 | 11,52 | 43,98 | 328,00 4,46 | 3,41 | 45,20 | 11,53 | 44,04 | 313,00 | 4,23 | 3,33 | 48,50 | 11,77 | 44,96
Error 1,29% |3,55% |-2,02% |-3,20% |-3,30% | -3,25% | -2,77% |-0,34% |2,90% | 4,78% |-4,34% | -4,34% | -0,22% |4,96% | 4,96% | 3,73% |-4,93% | -4,92%
28 38
Wwith Pre-Chamber A=1.2 Wwith Pre-Chamber A=1.3 Baseline A=1
Fuel | Air Fuel | Air Fuel Air
BSFC IMEP | Power |Torque | BSFC IMEP Bow: | Flow Power (Torque| BSFC IMEP tlow | How Power |Torque
[g/kw.h] | [bar] [kw] | [N.m] |[g/kw.h] | [bar] [kw] | [N.m] |[g/kw.h] | [bar] [kw] | [N.m]
l tkg/h) | g/ o fkg/h) | [kg/) o [kg/n] | [ke/h]
Simulated 320,85 | 440 | 3,42 | 53,94 | 10,98 | 42,14 | 320,67 | 4,32 | 3,41 | 58,13 | 11,27 | 43,06 | 296,31 | 541 | 4,29 | 56,16 | 14,51 | 55,42
Experimental | 314,00 | 4,52 | 3,27 | 51,40 | 11,53 | 44,23 | 312,00 4,14 | 3,26 | 55,50 | 11,62 | 44,38 | 299,00 | 5,20 | 4,11 | 54,50 | 14,63 | 58,53
Error 2,18% |(-2,65%4,75% |4,94% |-4,77%|-4,73% | 2,78% | 4,35% |4,60% |4,74% |-3,01%|-2,97% | -0,90% |4,08% | 4,33% | 3,05% |-0,82% | -5,31%
38
With Pre-Chamber A=1 With Pre-Chamber A=1.1 With Pre-Chamber A=1.2
BSFC IMEP el s Power |Torque BSFC IMEP el il Power |Torque e IMEP il . Power|Torque
Flow | Flow Flow | Flow [g/kw. Flow | Flow
[g/kw.h] | [bar] [kW] | [N.m] |[g/kW.h] | [bar] [kwW] | [N.m] [bar] [kw] | [N.m]
¢ [kg/h] | [kg/h] ¢ [kg/h] | [kg/h] h] [kg/h] [ [kg/h]
Simulated 290,80 | 5,55 | 4,24 | 57,15 | 14,59 | 55,73 | 283,00 | 573 | 4,29 | 62,04 | 15,18 | 57,97 | 280,00 5,62 4,14 | 64,89 | 14,80 | 56,56
Experimental | 299,00 5,42 | 4,16 | 55,20 | 15,28 | 58,38 | 289,00 | 5,65 | 4,11 | 59,90 | 15,57 | 59,47 | 279,00 5,79 3,96 | 62,90 | 15,52 | 59,27
Error -2,74% | 2,40% | 1,85% | 3,53% |-4,52% | -4,54% | -2,08% |1,42% |4,46% |3,57% |-2,50%|-2,52% | 0,36% | -2,94% | 4,62% | 3,16% |-4,64%|-4,57%
38 47
With Pre-Chamber A=1.3 Baseline A=1
BSFC Fuel | Air Fuel Air
IMEP Power|Torque| BSFC IMEP Power |Torque
[g/kW. (bar] Flow | Flow tkw | (nm] | fg/kwh | (oar] Flow | Flow kWl | (Nam]
h] [kg/n] | (ke/h] ' ; [ke/h] | [ke/h] :
Simulated | 286,16 | 5,34 4,12 | 70,87 | 14,74 | 56,35 | 274,87 | 6,47 | 5,08 | 66,65 | 18,58 | 70,71
Experimental | 276,00 5,54 3,93 | 67,60 | 15,51 | 59,23 | 262,00 | 6,17 | 4,85 | 64,30 | 15,47 | 74,35
Error 3,68% | -3,61% | 4,91% |4,84% [-4,96%|-4,86% | 4,91% [4,86% | 4,70% | 3,65% |-4,57% | -4,90%

They are the model “28 with prechamber and lambda 1.10” and the model “38 with prechamber

and lambda 1.10”. As previously mentioned, a predictive model has the main advantage that,

after the model is created and calibrated, changes can be made to the geometry and points or

parameters of engine operation without the need for experimental data for validation. In a first

approach, the diameter of the prechamber hole was maintained at 6 mm and its volume was

varied, according to the methodology illustrated in figure 3.8.

4.2.1 MODEL 28 WITH PRECHAMBER AND LAMBDA 1.10

The Table 4.2 shows a comparative result between the model and the experimental data

for the model 28 with prechamber and lambda 1.10 and 2500 rpm. Even though the torque

presented an error slightly higher than 5%, we can consider that the model describes the motor
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operation well, and in this case with the advantages of a predictive model, however with a

longer computational simulation time.

Table 4.2 - Comparison of numerical x experimental results for the predictive model at 2500
rpm and A=1.1. Source: Author

Predictive - A=1.1 -2500 rpm Numerical Experimental Error
Power [kW] 11.2887 11.77 4.26%

Torque [N.m] 42.746 4496 5.18%

BSFC [g/kW.h] 316.06 313 0.97%

Fuel Flow [kg/h] 3.21 3.33 3.74%
Airflow [kg/h] 46.29 485 4.77%

IMEP [bar] 4.21 4.23 0.48%

After creating this model, changes to the hole diameter and prechamber volume were
made. The Table 4.3 shows the volume variations made and the results of BSFC, fuel flow, air

flow and IMEP for each of the simulated configurations.

Table 4.3 — Volume variation and results for predictive model 28 with prechamber and
lambda 1.10 at 2500 rpm. Source: Author

28 with prechamber and lambda 1.10 - Volume variation
V_PC/V_CC Volume [em?] BSFC [g/kW.h] Fuel flow [kg/h] | Air flow [kg/h]| [IMEP [bar]
6,5% 2593 317,00 3,22 46,29 4,20
7,0% 2793 316,42 3,22 46,29 4,21
7,3% il i 316,08 3,22 46,29 4,21
8,0% 3193 315,48 3,22 46,29 4,22
8,5% 3393 315,19 3,22 46,29 4,22

The Figure 4.5 shows the results of the cylinder pressure versus crankshaft angle curves

for different pre-chamber volumes, keeping the pre-chamber orifice diameter at 6mm.
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Figure 4.5 — Cylinder pressure curves as a function of crankshaft angle. Source: Author

It can be seen that the use of pre-chambers with a larger volume provided a peak

pressure of around 3,5% higher compared to the pre-chamber with a smaller volume. The

Figure 4.6 shows the cylinder pressure x volume curves for different prechamber volumes,

keeping the prechamber orifice diameter at 6mm.
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Figure 4.6 — Curves of Pressure x Volume for different prechamber volumes. Source: Author
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The Table 4.4 shows the maximum pressure values for each of the different prechamber

volumes. The maximum pressures have values very close to each other. This shows that

variations in the volume of the pre-chamber have a smaller influence on the maximum pressure

than variations in the diameter of the interconnection with the main chamber.

Table 4.4 — Maximum pressure for each different prechamber volume. Source: Author
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Figure 4.7 shows the variation of IMEP and BSFC values as a function of pre-chamber

volume variations. The specific consumption was affected by the increase in volume, having
been reduced by around 0.6 %. In the same trend, the IMEP also improved, but this variation
was in the range of 0.5%, a value that is much lower than the average of model errors.

Therefore, it cannot be inferred that this will be the behavior of this indicator in the real case.
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Figure 4.7 - Variation of IMEP and BSFC values as a function of pre-chamber volume.

Source: Author

In a second approach, according to the methodology in figure 3.8, the diameter of the pre-

chamber orifice was varied, maintaining a constant pre-chamber volume of 2,913 cm?,

corresponding to 7.3% of the main chamber volume. The Table 4.5 shows the diameter

variations made and the results of BSFC, fuel flow, air flow and IMEP for each of the simulated

configurations.
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Table 4.5 — Diameter variation and results for predictive model 28 with prechamber and
lambda 1.10 at 2500 rpm. Source: Author

Predictive Combustion Simulation Results - 28 with PC - Lambda 1.10
Diameter [mm] BSFC [g/kW.h] Fuel flow [kg/h] Air flow [ke/h] | IMEP [bar]
4,00 313,20 3,22 46,29 4,25
5,00 313,72 3,22 46,29 424
6,00 316,06 3,22 46,29 4,21
7,00 318,58 3.22 46,29 418
8,00 321,33 3,21 46,29 4,16

The Figure 4.8 shows the results of the cylinder pressure versus crankshaft angle curves
for different diameters at constant volume.
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Figure 4.8 - Cylinder pressure curves versus crankshaft angle for different diameters.

Source: Author

It can be noted that the use of pre-chambers with a smaller orifice diameter provided a
peak pressure above 12.5% higher than that of the pre-chamber with a larger diameter. The
Figure 4.9 shows the cylinder pressure x volume curves for different pre-chamber diameters,

keeping the pre-chamber volume constant.
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Figure 4.9 - Cylinder pressure x volume for different pre-chamber diameters, keeping the
pre-chamber volume constant. Source: Author

Figure 4.10 shows the variation of IMEP and BSFC values as a function of variations in
the pre-chamber orifice diameter. It appears that the specific consumption was more positively
affected by the increase in diameter, having decreased by around 2.5%. On the other hand,

the IMEP improved with the reduction in diameter, and this variation was around 2.0%.
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Figure 4.10 - Variation of IMEP and BSFC as a function of pre-chamber orifice diameter.

Source: Author

When we compare Figures 4.5 and 4.6 with Figures 4.8 and 4.9, (variation in prechamber
volume x variations in prechamber hole diameter), we can notice that the greatest variations

in pressure peaks in the cylinder occur with variations in hole diameter. This result is essential
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to understand how the inclusion of an ignition pre-chamber influences the pressure dynamics
inside the cylinder, which is a direct indication of combustion efficiency and, consequently,

engine performance.

Typically, the pre-chamber is expected to promote faster and more efficient combustion,
reflected in a rapid rise in pressure after the ignition point. Larger peaks may indicate more
complete combustion, contributing to an increase in engine efficiency. Higher pressure values

indicate a more significant energy release during combustion.

Variations in curves at different RPMs help to understand how the pre-chamber system
behaves under different loads and engine speeds. This is crucial for evaluating the versatility
and effectiveness of the prechamber system across a wide range of operating conditions.

As can be demonstrated, the performance parameters of the engine depend on both the
volume of the prechamber and the diameter of its orifice. For this reason, a series of other
simulations were carried out to obtain a trend map of engine performance as a function of both
previously mentioned variables, diameter, and volume. The Table 4.6 shows the results of

these multiple simulations with variations in volume and diameter in the prechamber.

Table 4.6 — Results of BSFC and IMEP for predictive model 28 with prechamber and
lambda 1.10 at 2500 rpm. Source: Author

IMEP [bar]
Volume Diameter
Volume [cm?] V_pc/V _cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 4,25 4,23 4,20 4,18 4,15
2793 7,00% 4,25 4,24 4,21 4,18 4,15
2993 7,50% 4,25 4,24 4,21 4,19 4,16
3193 8,00% 4,25 4,24 4,22 4,19 4,16
3393 8,50% 4,12 4,24 4,22 4,20 4,17
BSFC [g/kWh]
Volume Diameter
Volume [cm?] V_pc/V _cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 313,02 314,28 317,01 319,37 321,86
2793 7,00% 313,03 313,89 316,40 318,85 321,59
2993 7,50% 313,31 313,64 315,87 318,35 321,17
3193 8,00% 313,58 313,56 315,49 317,88 320,72
3393 8,50% 326,21 313,64 315,20 317,52 320,38
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The Figure 4.11 shows the IMEP results for each of the 25 combinations simulated using
the predictive model.
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Figure 4.11 — IMEP results as a function on diameter and volume for predictive model

28 with prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on these results, Figure 4.12 was created, which shows a trend map of IMEP
behavior as a function of variations in hole diameter and pre-chamber volume.
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Figure 4.12 — Trend map of IMEP behavior as a function of hole diameter and pre-
chamber volume for predictive model 28 with prechamber and lambda 1.10 at 2500 rpm.
Source: Author
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The Figure 4.13 shows the BSFC results for each of the 25 combinations simulated using
the predictive model.
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Figure 4.13 — BSFC results as a function on diameter and volume for predictive model

28 with prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on these results, Figure 4.14 was created, which shows a trend map of BSFC
behavior as a function of variations in hole diameter and pre-chamber volume.
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Figure 4.14 — Trend map of BSFC behavior as a function of hole diameter and pre-
chamber volume for predictive model 28 with prechamber and lambda 1.10 at 2500 rpm.
Source: Author
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4.2.2 MODEL 38 WITH PRECHAMBER AND LAMBDA 1.10

After creating this model, changes to the hole diameter and prechamber volume were
made. The Table 4.7 shows the volume variations made and the results of BSFC, fuel flow, air

flow and IMEP for each of the simulated configurations.

Table 4.7 — Volume variation and results for predictive model 38 with prechamber and
lambda 1.10 at 2500 rpm. Source: Author

38 with prechamber and lambda 1.10 - Volume variation

Volume [cm3] | V_pc/V_cc | BSFC [g/kW.h] Fuel flow [kg/h] Air flow [kg/h] | IMEP [bar]
2593 6,50% 281,02 4,11 59,11 5,56
2793 7,00% 280,48 4,11 59,11 5,57
2993 7,50% 280,08 4,11 59,11 5,58
3193 8,00% 279,75 4,11 59,11 5,58
3393 8,50% 279,49 4,11 59,11 5,59

The Figure 4.15 shows the results of the cylinder pressure versus crankshaft angle

curves for different pre-chamber volumes, keeping the pre-chamber orifice diameter at 6mm.
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-180,0 -90,0 0,0 90,0 180,0

Crank Angle

Figure 4.15 — Cylinder pressure curves as a function of crankshaft angle. Source: Author

It can be seen that the use of pre-chambers with a larger volume provided a peak
pressure of around 4,0 % higher compared to the pre-chamber with a smaller volume. The
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Figure 4.16 shows the cylinder pressure x volume curves for different prechamber volumes,

keeping the prechamber orifice diameter at 6mm.
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Figure 4.16 — Curves of Pressure x VVolume for different prechamber volumes. Source:
Author

The Table 4.8 shows the maximum pressure values for each of the different prechamber
volumes. The maximum pressures have values very close to each other. This shows that
variations in the volume of the pre-chamber have a smaller influence on the maximum pressure

than variations in the diameter of the interconnection with the main chamber.

Table 4.8 — Maximum pressure for each different prechamber volume. Source: Author

Vpc/Vee Pressure [bar]
6,5% 32,55
7,0% 32,85
7,3% 33,18
8,0% 33,53
8,5% 33,85

Figure 4.17 shows the variation of IMEP and BSFC values as a function of pre-chamber
volume variations. The specific consumption was affected by the increase in volume, having
been reduced by around 0.5 %. In the same trend, the IMEP also improved, but this variation
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was in the range of 0.6%, a value that is much lower than the average of model errors.

Therefore, it cannot be inferred that this will be the behavior of this indicator in the real case.

BSFC [g/kW.h]

5,59
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6,50% 7,00% 7.50% 8,00% 8,50%
V_pc/V_cc

IMEP [bar]

Figure 4.17 - Variation of IMEP and BSFC values as a function of pre-chamber volume.

Source: Author

In a second approach, according to the methodology in figure 3.8, the diameter of the

pre-chamber orifice was varied, maintaining a constant pre-chamber volume of 2,913 cm3,

corresponding to 7.3% of the main chamber volume. The Table 4.9 shows the diameter

variations made and the results of BSFC, fuel flow, air flow and IMEP for each of the simulated

configurations.

Table 4.9 — Diameter variation and results for predictive model 28 with prechamber and

lambda 1.10 at 2500 rpm. Source: Author

38 with prechamber and lambda 1.10 - Diameter variation

Diameter [mm] BSFC [g/kW.h] Fuel flow [kg/h] Air flow [kg/h] IMEP [bar]
4,00 278,36 4,11 59,11 5,62
5,00 278,47 4,11 59,11 5,61
6,00 280,08 4,11 59,11 5,58
7,00 282,36 4,11 59,11 5,54
8,00 283,65 4,11 59,11 5,51
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The Figure 4.18 shows the results of the cylinder pressure versus crankshaft angle
curves for different diameters at constant volume.
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Figure 4.18 - Cylinder pressure curves versus crankshaft angle for different diameters.
Source: Author

It can be noted that the use of pre-chambers with a 4 mm orifice diameter provided a
peak pressure above 13 % higher than that of the pre-chamber with a 8 mm diameter. The
Figure 4.19 shows the cylinder pressure x volume curves for different pre-chamber diameters,

keeping the pre-chamber volume constant.
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Figure 4.19 - Cylinder pressure x volume for different pre-chamber diameters, keeping the

pre-chamber volume constant. Source: Author
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Figure 4.20 shows the variation of IMEP and BSFC values as a function of variations in
the pre-chamber orifice diameter. It appears that the specific consumption was more positively
affected by the increase in diameter, having decreased by around 2.5%. On the other hand,

the IMEP improved with the reduction in diameter, and this variation was around 2.0%.
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4,00 5,00 6,00 7,00 8,00

Diameter [mm]

Figure 4.20 - Variation of IMEP and BSFC as a function of pre-chamber orifice diameter.
Source: Author

As can be demonstrated, the performance parameters of the engine depend on both the
volume of the prechamber and the diameter of its orifice. For this reason, a series of other
simulations were carried out to obtain a trend map of engine performance as a function of both
previously mentioned variables, diameter, and volume. In a similar way to the previous section,
we can note that the greatest variations in pressure peaks in the cylinder occur with variations
in hole diameter. The results of these multiple simulations with variations in volume and

diameter in the prechamber are summarized in Table 4.10.
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Table 4.10 — Summary of results for predictive model 38 with prechamber and lambda
1.10 at 2500 rpm. Source: Author

IMEP [bar]
Volume Diameter
Volume [cm?] V_pc/V_cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 5,62 5,60 5,56 5,52 5,51
2793 7,00% 5,62 5,60 5,57 5,53 5,51
2993 7,50% 5,62 5,61 5,58 5,54 5,51
3193 8,00% 5,46 5,61 5,58 5,54 5,52
3393 8,50% 5,45 5,61 5,59 5,55 5,52
BSFC [g/kWh]
Volume Diameter
Volume [cm?] V_pc/V_cc 4 mm 5mm 6 mm 7 mm 8 mm
2593 6,50% 278,12 278,85 281,02 283,07 284,11
2793 7,00% 278,18 278,60 280,48 282,70 283,87
2993 7,50% 278,36 278,47 280,08 282,33 283,65
3193 8,00% 288,59 278,45 279,75 281,95 283,49
3393 8,50% 289,10 278,54 279,49 281,59 283,36

The Figure 4.21 shows the IMEP results for each of the 25 combinations simulated using

the predictive model.
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Figure 4.21 — IMEP results as a function on diameter and volume for predictive model
38 with prechamber and lambda 1.10 at 2500 rpm. Source: Author
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Based on these results the Figure 4.22 was created, which shows a trend map of IMEP

behavior as a function of variations in hole diameter and pre-chamber volume.
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Figure 4.22 — Trend map of IMEP behavior as a function of hole diameter and pre-
chamber volume for predictive model 38 with prechamber and lambda 1.10 at 2500 rpm.
Source: Author

The Figure 4.23 shows the BSFC results for each of the 25 combinations simulated using
the predictive model.
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Figure 4.23 — BSFC results as a function on diameter and volume for predictive model
38 with prechamber and lambda 1.10 at 2500 rpm. Source: Author
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Based on these results the Figure 4.24 was created, which shows a trend map of

BSFC behavior as a function of variations in hole diameter and pre-chamber volume.
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Figure 4.24 — Trend map of BSFC behavior as a function of hole diameter and pre-
chamber volume for predictive model 38 with prechamber and lambda 1.10 at 2500 rpm.
Source: Author

4.2.3 ANALYSIS AND FINAL CONSIDERATIONS ON THE RESULTS

It was possible to verify that the non-predictive models after their calibration obtained
percentage errors of less than 5.0% for all evaluated parameters, which shows a good
convergence of the numerical results compared to the experimental data. As verified by several
works mentioned in the literature review, it was possible to see that the use of prechambers
tends to improve the performance of engines compared to baseline engines. It was also
possible to verify that the use of prechambers allows working with leaner mixtures and keeping
the engine's performance and fuel consumption parameters constant.

As in the case of the non-predictive model, the predictive models presented a convergent
result and with an error below 5.0%. After the multiple simulations carried out for both predictive
cases, it was possible to verify that for all evaluated parameters the engine is more sensitive
to variations in the diameter of the pre-chamber hole than to variations in its volume. It was
also observed, for all simulated volumes, a trend towards an increase in power, torque and

IMEP and a reduction in specific fuel consumption as the diameter of the pre-chamber orifice
was reduced.
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However, a break in the trend that occurred for cases combining the largest volume
prechambers with the smallest orifice diameters was noted. In other words, in these cases, the
reduction in diameter caused an increase in fuel consumption and a reduction in power, torque
and IMEP. Table 4.11 shows the cases that presented this change in the trend of results.

Table 4.11 — Cases that presented this change in the trend of predictive results. Source:

Author
Case Volume [V_pc/V_cc] Diameter [mm]
28 with prechamber and lambda 1.10 8,50% 4
38 with prechamber and lambda 1.10 8,0 % and 8,5 % 4

In order to verify the possible reasons for this change in trend in the simulation results,
we sought to verify the influence of pressures inside the prechamber and the exit velocities of
the burned gases from the prechamber to the main chamber. As can be seen in Figure 4.25
and Figure 4.26, the exit velocity of the burned gases between the prechamber and the main
combustion chamber is strongly dependent on the prechamber orifice diameter and increases
as this diameter decreases. It is also noted that the increase in prechamber volume also

causes an increase in this exit speed.
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Figure 4.25 — Exit speed of gases from the prechamber to the main chamber for model
28 with prechamber and lambda 1.10. Source: Author
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Figure 4.26 — Exit speed of gases from the prechamber to the main chamber for model
38 with prechamber and lambda 1.10. Source: Author

In Figure 4.27 and Figure 4.28 it can be seen that pressure is also affected by hole

diameter and prechamber volume in a similar way as speed.
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Figure 4.27 - Pressure inside the prechamber as a function of its hole diameter and volume
for model 28 with prechamber and lambda 1.10. Source: Author
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for model 38 with prechamber and lambda 1.10. Source: Author

composition of the burned gases that exit through its orifice, the speed of sound in this

environment was calculated for each of the simulated conditions. The result of calculating

these speeds is shown in Table 4.12 and Table 4.13. Furthermore, these tables relate the

prechamber exit velocities in each case with their respective speed of sound.
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Figure 4.28 - Pressure inside the prechamber as a function of its hole diameter and volume

Based on the simulated information on the temperature inside the prechamber and the

Table 4.12 — Speed of sound for the 25 combinations simulated using the predictive model
28 with prechamber and lambda 1.10. Source: Author

Diameter
Volyme 4mm S5mm 6 mm 7mm 8mm
Speed of Speed of Speed of Speed of Speed of
Volume |V_pc/|Speed — Speed peedo Speed i Speed i Speed S
: Sound | Mach Sound | Mach Sound | Mach Sound | Mach Sound | Mach
[em®] | V_cc | [m/s] [m/s] [m/s] [m/s] [m/s]
[m/s] [m/s] [m/s] [m/s] [m/s]
2593 | 6,5% | 537 719 | 0,75 | 381 698 | 055 | 253 725 | 035 | 179 713 | 025 | 133 733 | 0,18
2793 | 70% | 573 737 | 0,78 | 418 714 | 059 | 280 724 | 039 | 197 724 | 027 | 143 748 | 0,19
2993 | 75% | 615 745 0,83 | 462 722 0,64 | 318 729 044 | 222 732 0,30 | 164 761 0,22
3193 | 80% | 643 745 | 0,86 | 501 741 | 0,68 | 354 731 | 048 | 246 739 | 033 | 180 758 | 024
3393 | 85% | 694 759 091 | 552 740 0,75 | 402 737 0,55 | 284 744 0,38 | 205 773 0,27
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Table 4.13 — Speed of sound for the 25 combinations simulated using the predictive model
38 with prechamber and lambda 1.10. Source: Author

Diameter
Vol 4mm 5mm 6 mm 7mm gmm
Speed of Speed of Speed of Speed of Speed of
ol % gy dieed Sound | Mach . Sound | Mach o Sound | Mach Speet Sound | Mach o Sound | Mach
[em®] | V_cc | [m/s] [m/s] [m/s] [m/s] [m/s]

[m/s] [m/s] [m/s] [m/s] [m/s]
2593 | 6,5% | 632 765 | 0,83 | 448 759 | 059 | 298 766 | 039 | 211 784 | 0,27 | 156 788 0,20
2793 | 70% | 674 | 716 | 087 | 492 768 | 064 | 329 767 | 043 | 232 187 029 | 168 813 021
2993 | 75% | 707 786 | 090 | 531 717 | 0,68 | 361 775 | 047 | 252 795 032 | 184 812 023
3193 | 80% | 731 | 796 | 092|563 | 78 | 072|393 | 778 | 050 273 | 795 | 034|200 | 813 | 025
3393 | 85% | 745 803 | 093 | 587 794 | 074 | 423 782 | 054 | 299 197 037 | 216 814 | 027

Based on the exit speed of the burned gases from the prechamber to the main chamber
and the speed of sound for each simulated case, Figure 4.29 and Figure 4.30 relate these
velocities for each of the simulated points. It can be noted that for all Cases that presented this
change in trend, shown in Table 4.11, the exit velocities of the burned gases from the pre-

chamber to the main chamber are very close to the respective speed of sound for this case.

Taking into account the ranges covered by the 5.0% margin of error that was considered
for the previous calibration of the models, we can state that a possible cause of the change in
the trend of the simulated results was that the speed of sound was reached in these scenarios,
and therefore an increase in the volume of the pre-chamber or a reduction in the diameter of

its orifice cannot bring more benefits to engine’s performance, as in previous cases.
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Figure 4.29 — Comparison between the exit velocity from the prechamber to the main chamber and
the speed of sound for each case using the predictive model 28 with prechamber and
lambda 1.10. Source: Author
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Figure 4.30 — Comparison between the exit velocity from the prechamber to the main chamber and
the speed of sound for each case using the predictive model 38 with prechamber and
lambda 1.10. Source: Author
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From the results of the predictive models, discussed in this section, it can be inferred
that there must be a pair of bore diameter and prechamber volume that offers the best
performance to the engine, and it can also be seen that these parameters can be interfered by

the load at which the engine operates.

It was also noted that the reduction in the diameter of the prechamber hole caused an
increase in pressure inside it, however this increase in pressure does not convert into an
increase in the exit speed of hot gases from this to the main chamber, as these gases end up
being held back by the reduced diameter and also by not being able to exceed the speed of

sound in these conditions of temperature and pressure.

To better understand this phenomenon, one-dimensional models are limited, and the use
of three-dimensional modeling and computational fluid dynamics are more appropriate.
Furthermore, mapping these critical points through predictive simulations can be useful in

directing studies that evaluate them experimentally.
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5 CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

This chapter presents the main discussions and conclusions regarding the results
obtained throughout this research and, based on the results obtained, some possible
guidelines for continuing studies are suggested, in order to improve understanding of the topics

covered.

5.1 CONCLUSIONS

The main objectives established at the beginning of the work were achieved, both

general and specific objectives.

With the need to mitigate greenhouse gas emissions caused by engines without
compromising their performance and flexibility, the use prechambers of combustion has a lot
to contribute to this objective. In this regard computer simulations play an essential role, as
they can reduce the cost and time of research and can be used together with experimental

research.

The models simulated by the non-predictive method proved to be effective in simulating
performance parameters and specific fuel consumption, requiring low computational effort. On
the other hand, this methodology depends on providing pressure data inside the cylinder
among other experimental data, a fact that requires expensive measuring equipment and a
large mass of data for calibration and validation of the model. The effectiveness of the applied
numerical method is evidenced by the low percentage errors found in the results, all below
5.0%, and as mentioned in the literature review, these numerical errors are consistent with

expectations.

As for the models simulated by the predictive method, their results proved to be very
useful for understanding the behavior of the pre-chambers in scenarios not analyzed
experimentally. Despite the advantages, predictive simulations also present some errors and

are much more expensive from the point of view of computational effort.

Compared to non-predictive models, predictive models proved to be very useful because
they allowed, after calibration, the simulation of geometric variations that had not been tested
on the bench and were therefore able to predict the operation of engines under these

conditions. This use of predictive models, together with experimental studies, demonstrates
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great potential to contribute to technological and scientific development with the advantage of

reducing costs related to experimental studies.

The literature review gave evidence that smaller prechamber hole diameters tend to
present better performance and efficiency results. In this context, the main conclusion that
could be drawn from the variations in volume and diameter of the prechamber orifice, made
possible by the use of the predictive model, is that this reduction in diameter cannot be done
indefinitely and that there is an optimum point beyond which any reduction in diameter causes
more harm than good to the engine's performance. There are also other effects of reducing
diameters that certainly interfere with engine performance and that were not evaluated in this
work, including air inlet, and scavenging of burnt gases from the prechamber during its
operation.

It was evident based on the predictive results that for each engine load there will be an
optimal combination of diameter and volume of the pre-chambers that will enable better
equipment performance. For this reason, more in-depth studies must be carried out to
determine these conditions for each type of engine, vehicle and conditions of use, combined
with the use in conjunction with other engineering solutions such as the CVT transmission,
which allows for better control of the operating range of vehicle engines and can facilitate the

commercial application of pre-chambers.

5.2 SUGGESTIONS FOR FURTHER WORK

Based on the results obtained in this work and its analysis, it was possible to prepare
proposals for future work that will contribute to the development of the research theme

carried out, and they are:

- Replication of the work carried out, using the same proposed model, with other fuels:

ethanol, natural gas, etc.

- Improvement of simulations in regions close to the optimal geometric limits using the
numerical data generated in the present work to define new pre-chamber geometries and

configurations of interconnection holes to be subsequently tested experimentally.

- Creation of a predictive model for combustion in the prechamber.
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ANNEX 1 — RESULT TABLES AND PRESSURE CURVES

This annex presents the P x V diagrams, pressure curves and results table for all
simulated non-predictive models. Compared to experimental data used for model calibration.
Such experimental results were produced by Rodrigues Filho, 2014, and used with permission.
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28 — With prechamber and lambda 1,00
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38 — With prechamber and lambda 1,20
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ANNEX 2 — RESULT FIGURES AND TREND MAPS

This annex presents the results of power, torque, air flow and fuel flow, comparing the
simulation results with the experimental results used to calibrate the models. Such
experimental results were produced by Rodrigues Filho, 2014, and used with permission.

This annex also presents the torque and power results for the predictive models, as
well as their respective trend maps as a function of hole diameter and pre-chamber volume.

The next figure shows the comparison of simulated fuel flow values with experimental
data for all 11 simulated cases.
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Comparison of simulated fuel flow values with experimental data at 2500 rpm. Source:
Author

The next figure shows the percentage error values between the simulated and

experimental fuel flow values results for all 11 simulated cases.
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The next figure shows the comparison of simulated air flow values with experimental

data for all 11 simulated cases.
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Comparison of simulated air flow values with experimental data at 2500 rpm. Source: Author

The next figure shows the percentage error values between the simulated and

experimental air flow values results for all 11 simulated cases.
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The next figure shows the comparison of simulated power values with experimental data
for all 11 simulated cases.
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Comparison of simulated power values with experimental data at 2500 rpm. Source: Author

The next figure shows the percentage error values between the simulated and

experimental power values results for all 11 simulated cases.
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The next figure shows the comparison of simulated torque values with experimental data
all 11 simulated cases.
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Comparison of simulated power values with experimental data at 2500 rpm. Source: Author

The next figure shows the percentage error values between the simulated and

experimental power values results for all 11 simulated cases.
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Source: Author
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All results for predictive model 28 with prechamber and lambda 1.10 at 2500 rpm.

Source: Author

IMEP [bar]
Volume Diameter
Volume [cm?] V_pc/V_cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 4,25 4,23 4,20 4,18 4,15
2793 7,00% 4,25 4,24 4,21 4,18 4,15
2993 7,50% 4,25 4,24 4,21 4,19 4,16
3193 8,00% 4,25 4,24 4,22 4,19 4,16
3393 8,50% 4,12 4,24 4,22 4,20 4,17
Torque [N.m]
Volume Diameter
Volume [cm?] V_pc/V _cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 39,26 39,09 38,75 38,46 38,15
2793 7,00% 39,26 39,14 38,82 38,52 38,18
2993 7,50% 39,73 39,17 38,89 38,58 38,23
3193 8,00% 39,19 39,18 38,93 38,63 38,29
3393 8,50% 37,65 39,17 38,97 38,68 38,32
BSFC [g/kWh]
Volume Diameter
Volume [cm?] V_pc/V _cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 313,02 314,28 317,01 319,37 321,86
2793 7,00% 313,03 313,89 316,40 318,85 321,59
2993 7,50% 313,31 313,64 315,87 318,35 321,17
3193 8,00% 313,58 313,56 315,49 317,88 320,72
3393 8,50% 326,21 313,64 315,20 317,52 320,38
Power [kW]
Volume Diameter
Volume [cm?] V_pc/V _cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 10,28 10,23 10,14 10,07 9,99
2793 7,00% 10,28 10,25 10,16 10,08 10,00
2993 7,50% 10,27 10,26 10,18 10,10 10,01
3193 8,00% 10,26 10,26 10,19 10,11 10,02
3393 8,50% 9,86 10,26 10,20 10,13 10,03
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The next figure shows the power results for each of the 25 combinations simulated using
the predictive model.
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Power results as a function on diameter and volume for predictive model 28 with
prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on previous figure, the next results figure was created, which shows a trend map
of power behavior as a function of variations in hole diameter and pre-chamber volume.

POWER [KW]

V_pc/V_cc

5 mm

6 mm
7 mm 6,50%

HOLE DIAMETER 8 mm

Trend map of power behavior as a function of hole diameter and pre-chamber volume
for predictive model 28 with prechamber and lambda 1.10 at 2500 rpm. Source: Author
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The next figure shows the torque results for each of the 25 combinations simulated using
the predictive model.
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Torque results as a function on diameter and volume for predictive model 28 with
prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on previous figure, the next results figure was created, which shows a trend map
of torque behavior as a function of variations in hole diameter and pre-chamber volume.

TORQUE [NM]

V_pc/V_cc

5 mm

6 mm

HOLE DIAMETER 7 mm 6,50%

8 mm

Trend map of torque behavior as a function of hole diameter and pre-chamber volume for
predictive model 28 with prechamber and lambda 1.10 at 2500 rpm. Source: Author
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All results for predictive model 38 with prechamber and lambda 1.10 at 2500 rpm.

Source: Author

IMEP [bar]
Volume Diameter
Volume [cm?3] V_pc/V_cc 4 mm 5mm 6 mm 7 mm 8 mm
2593 6,50% 5,62 5,60 5,56 5,52 5,51
2793 7,00% 5,62 5,60 5,57 5,53 5,51
2993 7,50% 5,62 5,61 5,58 5,54 5,51
3193 8,00% 5,46 5,61 5,58 5,54 5,52
3393 8,50% 5,45 5,61 5,59 5,55 5,52
Torque [Nm]
Volume Diameter
Volume [cm?] V_pc/V_cc 4 mm 5 mm 6 mm 7 mm 8 mm
2593 6,50% 56,28 56,11 55,66 55,25 55,03
2793 7,00% 56,26 56,16 55,76 55,32 55,08
2993 7,50% 56,22 56,18 55,84 55,39 55,12
3193 8,00% 54,21 56,18 55,91 55,46 55,15
3393 8,50% 54,11 56,16 55,96 55,53 55,17
BSFC [g/kWh]
Volume Diameter
Volume [cm?] V_pc/V_cc 4 mm 5mm 6 mm 7 mm 8 mm
2593 6,50% 278,12 278,85 281,02 283,07 284,11
2793 7,00% 278,18 278,60 280,48 282,70 283,87
2993 7,50% 278,36 278,47 280,08 282,33 283,65
3193 8,00% 288,59 278,45 279,75 281,95 283,49
3393 8,50% 289,10 278,54 279,49 281,59 283,36
Power [kW]
Volume Diameter
2593 V_pc/V_cc 4 mm 5mm 6 mm 7 mm 8 mm
2793 6,50% 14,73 14,69 14,57 14,46 14,41
2993 7,00% 14,73 14,70 14,60 14,48 14,42
3193 7,50% 14,72 14,71 14,62 14,50 14,43
3393 8,00% 14,19 14,71 14,64 14,52 14,44
3393 8,50% 14,17 14,70 14,65 14,54 14,44
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The next figure shows the power results for each of the 25 combinations simulated using
the predictive model.
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Power results as a function on diameter and volume for predictive model 38 with

prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on previous figure, the next results figure was created, which shows a trend map

of power behavior as a function of variations in hole diameter and pre-chamber volume.
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Trend map of power behavior as a function of hole diameter and pre-chamber volume
for predictive model 38 with prechamber and lambda 1.10 at 2500 rpm. Source: Author
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The next figure shows the torque results for each of the 25 combinations simulated using
the predictive model.
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Torque results as a function on diameter and volume for predictive model 38 with
prechamber and lambda 1.10 at 2500 rpm. Source: Author

Based on previous figure, the next results figure was created, which shows a trend map

of torque behavior as a function of variations in hole diameter and pre-chamber volume.
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Trend map of torque behavior as a function of hole diameter and pre-chamber volume for
predictive model 38 with prechamber and lambda 1.10 at 2500 rpm. Source: Author



