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Abstract 

The prechamber jet ignition combustion system is one of the most promising technique to improve the 

thermal efficiency of spark ignition engines and to reduce the pollutant emissions. This technology allows to 

enhance the ignition of the air-fuel mixture in the main combustion chamber through several hot turbulent 

jets exiting from the small prechamber volume, thus leading to a shortening of the combustion duration. In 

the present study, the combustion process of a 4-stroke PFI gasoline engine equipped with a passive 

prechamber has been investigated through three dimensional CFD analysis. The goal was to analyse the 

behaviour of the flame front during the entire combustion process and to evaluate the improvements in 

terms of both combustion speed and ignitability of lean mixtures. The trade-off between the accuracy and 

complexity of the numerical approach and computational costs was assessed by adopting two different 

combustion models, with different detail level, for the simulation of the engine cycle: a detailed chemistry 

model and a flame surface density model. Both combustion models were first calibrated against experimental 

data of the engine in the baseline configuration without prechamber. The validated numerical models were 

exploited to perform predictive simulations of the engine equipped with the prechamber. The results on a 

preliminary geometry of the prechamber allowed assessing the reliability and the physical response of both 

combustion models, confirming the necessity of a detailed chemistry solver over the more simplified flame 

surface density approach, despite the high computational burden. The analysis of the combustion process 

with the detailed chemistry solver allowed to analyse the properties of the hot flame jets flowing through 

the narrow orifices and igniting the mixture inside the main combustion chamber. Different sensitivity 

analyses were carried out, by varying the wall temperature of the prechamber, the shape of the prechamber 

body and the size of prechamber holes. The influence of the geometrical features on the efficiency of the 

combustion process, the heat release rate and pressure trends inside both the prechamber and the main 

chamber was assessed and discussed. Since the prechamber allows to extend the flammable limit, an 

additional sensitivity to the air-fuel ratio was carried out in order to investigate the performance in case of 

lean mixtures. 
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Introduction 

The continuous development of the legislation concerning the pollutant emissions and the introduction of 

new protocols for the type-approval procedure of new vehicles have pushed manufacturers and research 

towards new engine concept. It is well known that the combustion of fossil fuels produces emissions of 

carbon dioxides (CO2) and pollutants such as nitrogen oxides (NOx), soot, unburnt hydrocarbons (UHC) and 

carbon monoxides (CO) [1, 2]. The Low Temperature Combustion (LTC) seems to have the potential to 

overcome the issues of Internal Combustion Engines related to the pollutant emissions. LTC blends the best 

characteristic of Diesel and spark ignition combustion by igniting a homogeneous, lean air/fuel mixture, 

resulting in a high efficiency process with low emissions. Nevertheless, the operational instabilities of the 

engine, like the cycle-to-cycle variation, have limited the development of this new concept. The prechamber 

combustion seems to be the most promising technique to overcome this issue. A small volume, with the 

spark plug inside, is placed above the engine head. The ignition phase occurs inside the prechamber: the 

flame front propagates towards the orifices and enters into the main chamber through the narrow passages, 

generating hot turbulent jets, which are able to ignite the mixture in the cylinder. The combustion process 

with prechamber is a very complex phenomenon and it depends on several parameters, such as the mixture 

composition, the prechamber geometrical characteristics, and the flow field inside the cylinder. Considering 

the limitations of currently available experimental techniques to study combustion, theory and 

Computational Fluid Dynamics (CFD) are becoming very important tools, allowing to perform fluid dynamics 

studies without the necessity of expensive experimental tests and avoiding the costs of equipment with 

optical access and measurement devices [3]. Still, it should be reminded that the numerical analysis of 

combustion processes is an extremely challenging task, as it adds the complexity of the chemical reaction 

mechanisms to the difficult modelling of a non-reacting turbulent flow [4]. 

Within this scenario, the main aims of the present thesis project are: 

 The development of a predictive and accurate numerical setup for the three-dimensional simulation of 

the combustion process in SI engines; 

 The design of different prechambers to apply on a 4-stroke SI engine; 

 The analysis of different numerical approaches for studying the combustion process in engine equipped 

with prechamber; 

 The analysis of the advantages and potential of the prechambers in terms of increasing the combustion 

speed, enhancing the combustion quality and extending the flammable limit; 

 The analysis of the effect of geometrical features of prechamber on the combustion process, giving 

advice on design criteria. 

The activity starts with an extensive literature search, focusing on the LTC concept, on the prechamber 

operating principle and design criteria and, finally, on CFD numerical models of the combustion process, 

with particular focus on prechamber applications. When the prechamber is applied to the engine, the spark 

plug is located inside the prechamber as well. At the spark time, the mixture between the electrodes is 



Introduction 

26 

ionized, the local temperature of the fluid arises, the energy activation is overcome and the chemical 

reactions start. The flame kernel grows generating at first a laminar flame, which propagates inside the 

prechamber. High temperature gradient are generated across the flame front, together with strong density 

gradient. These add additional turbulence in the flow field, where the flame is growing. Turbulent structures 

interact with the flame front and chemical kinetics, enhancing the mixing and accelerating the flame front 

propagation: the combustion becomes a turbulent one and it is characterized by wrinkled flame front and 

high flame speed propagation. The flame flows through the narrow passages and enters into the main 

chamber. As the flame exits out from the orifices, several hot jets are generated. The thermodynamic 

properties of the jets strongly depend on the prechamber geometrical parameters and the flow field inside 

the engine. The hot jets enter in the combustion chamber and propagate into a low temperature mixture. 

This temperature gradient interacts with the chemical kinetics of the flame jets, as the flame jets affect the 

flow field generating additional turbulence. 

Concerning the CFD approach of Internal Combustion Engine, since the test case is a PFI engine, the air/fuel 

mixture can be considered homogeneous with good approximation: therefore, the fuel injection is not 

simulated and the combustion can be treated as premixed one. One of the most combustion model used in 

these applications is the ECFM [5-12], or its extension ECFM-3Z for partially premixed flame and diffusion 

flame: it is a flame surface density model based on the definition of the progress variable (and eventually a 

mixture fraction for ECFM-3Z) to identify the fresh mixture from the burnt gases. This model may represent 

a good compromise between calculation efficiency and accuracy of the solution. Perhaps, it is still a simplified 

approach and it does not take into account for chemical reactions, computing the flame speed through 

empirical correlations. When simulating the combustion in prechamber applications, the lack of a chemical 

reaction mechanism may lead to neglect some features of the coupling between turbulence and kinetic 

reactions, resulting in wrong conclusions. A strong two way coupling, between turbulent and chemical 

kinetics, is established, leading to very complex phenomena to study and to simulate through CFD approach. 

Since the hard topic, which involves chemical kinetics, turbulence modelling, aerodynamic and mixing 

processes, it is obvious that a simplified approach based on the progress variable and the flame surface 

density model may be not appropriate for studying such a complex application. Thus, a more in-depth 

analysis of the problem is necessary in order to analyse properly the combustion process with prechamber 

and in order to evaluate how the prechamber parameters affect the flame front propagation and the 

combustion performance. Thus, the detailed chemistry solver seems to represent the right way for studying 

this particular topic. A chemical kinetic mechanism is required for taking into account the species and 

reactions implied in the combustion process, together with the thermodynamic properties of the elements 

involved. When a detailed chemistry model is used for combustion modelling, the reaction rates of the 

species are computed based on local temperature and pressure of the flow and on the mixture composition, 

using the Arrhenius formulation. Thus, the growth of the flame kernel and the flame propagation result from 

the calculation of the chemical kinetics parameters and not by using empirical correlations. This more level 

of detail is combined with a more complex numerical set-up and a higher computational effort. Nevertheless, 

it is necessary to take into account the chemical effects, since their interaction with flow field and turbulence 

structures can strongly affect the behaviour of the flame front and the engine performance. 
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In this thesis, two different combustion models are used to analyse the combustion process with prechamber: 

the ECFM-3Z, using a commercial software, and a detailed chemistry solver, the SAGE combustion model, 

implemented in CONVERGE CFD. The goal was the best trade-off between the accuracy and complexity of 

the numerical approach and computational. The test case investigated in this study is a Betamotor 430 cm3 

4-stroke, four valves, PFI spark ignition engine. The activity started with building a 1D model of the engine 

using GT-Power. The model was calibrated against the experimental data and it was used for extracting the 

boundary conditions for the 3D CFD simulation. At first, RANS simulations are carried out of the engine 

without prechamber in order to calibrate the two different combustion models against the experimental 

data. Since one of the aim of this project is to build a predictive numerical model for analysing the engine 

performance, an in-depth analysis of the effects of settings is carried out for the detailed chemistry model, 

which is calibrated for the maximum power condition and, then, validated for another engine operating 

point. After CFD simulations on the engine in baseline configuration, four different prechambers are 

designed, by varying the shape, the aspect ratio and the dimensions of the orifices. Basing on the literature 

review, the aspect ratio and the orifices diameters were found to be the crucial aspect in design prechambers. 

Especially the dimensions of the narrow passages may affect both the scavenging process, the flame 

propagation and the ignition of the mixture inside the main chamber: larger diameters lead to easier 

scavenging of the prechamber but, conversely, produce lower pressure drop between the prechamber and 

the main chamber, generating low momentum jets. Thus, the ignition of the mixture inside the main chamber 

may be slower than the one occurred with smaller diameters. A comparison between the two combustion 

models on the first geometry generated shows the capability and reliability of the detailed chemistry model 

against the flame surface density model. Thus, the former is used for further analysis of the phenomenon. A 

sensitivity to the wall temperature of the prechamber, to the geometrical features of the prechamber and to 

the spark advance is carried out, comparing the duration of combustion with prechamber against the 

baseline curve and analysing the pressure curves and flame front behaviour. Since the lack of information 

on the wall temperature of the prechamber, it was necessary to carry out a sensitivity on this parameter in 

order to evaluate the effect on the reaction rate, and thus on the whole combustion process.  Since the use 

of prechamber allows to ignite a lean mixture, a further sensitivity to the air-to-fuel ratio of the fresh gases 

is carried out, in order to evaluate the advantages and capability of prechamber system. In fact, the use of 

the prechamber avoid the ignition instability typical of the 4-stroke engine with high air-to-fuel ratio. 

Furthermore, the hot flame jets generated by the prechamber allow to ignite the fresh gases inside the main 

chamber even if the amount of fuel is very low, extending the flammable limit of the mixture. The 

performance of the engine is finally compared with the baseline ones. 

Based on CFD results, two prechambers simulated are manufactured. At the time of writing this thesis, the 

bench for testing the engine equipped with prechamber is under construction at LInEA (Laboratory for 

Innovation in Engines and Advanced systems for energy) laboratory of University of Florence. Thus, no 

experimental data of the engine with prechamber are available. 

The present thesis is structured as follows: 
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 Chapter 1: the literature review is presented, together with the concepts and basic ideas of Low 

Temperature Combustion technology and prechamber combustion. 

 Chapter 2: the main concepts related to Navier-Stokes equations and RANS approach in the context of 

turbulence modelling are presented, focusing on the turbulence models used in this work, the standard 

𝑘 − 휀, Realizable 𝑘 − 휀 and RNG 𝑘 − 휀. 

 Chapter 3: the main features of combustion in spark ignition engines and combustion modelling are 

introduced. The Navier-Stokes equations for reacting flows are presented, together with the 

phenomenology of turbulent premixed combustion. Finally, the combustion numerical closures are 

presented, explaining the models used in this thesis: a detailed chemistry model and a flame surface 

density model. 

 Chapter 4: the numerical setup of the engine without prechamber (i.e. baseline configuration) is 

presented, for both cold-flow and reacting-flow simulations. The mesh and time-step sensitivity are 

analysed, together with the parameters for calibrating the combustion models and their effect on the 

flame front propagation. Lastly, the results of the calibration of the combustion models against the 

experimental data are shown. In addition, the validation of the detailed chemistry solver is presented. 

 Chapter 5: this chapter includes the results of the simulations of the engine with prechamber. Different 

geometries are designed in this thesis. At first, the comparison between the results of two combustion 

models are shown on the first test case. Then, the effect of wall temperature of prechamber, the effect 

of geometrical parameters (such as aspect ratio and orifices diameters), the effect of the spark advance 

and the effect of the air-to-fuel ratio of the mixture are evaluated, considering the detailed chemistry 

model only. An in-depth analysis of the combustion process was carried out, comparing the whole test 

cases and analysing the pressure curves, burned mass fraction and views of flame front. 
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1 - Low Temperature Combustion (LTC) 

Through the combustion process, the chemical energy of the fuel is converted to heat, which can be 

converted to work through a heat engine. The success of the combustion technology is linked to the 

availability of fossil fuels and the controllability of combustion processes. However, some issues have arisen: 

first, the limited availability of fossil fuels; second, the greater attention dealt to the health effects and 

environmental implications of combustion products. The continuous development of the legislation 

concerning pollutant emissions have been creating difficulties for vehicle manufacturers in the last few years 

and the ongoing update of the European directive on vehicle emissions pushed manufacturers to develop 

less polluting and more efficient powertrains. In order to improve SI engines efficiency, it is possible to replace 

throttling at partial loads with lean or diluted mixtures (with exhaust gas recirculation), or to exploit the 

capability of direct injection to create a stratified mixture which grants stoichiometric conditions near the 

spark but a globally lean combustion. While these strategies grant a reduced fuel consumption, some issues 

related to pollutant emissions still remain. The Low Temperature Combustion (LTC) seems to have a great 

potential to solve Internal Combustion Engines (ICE) issues. The LTC blends the best characteristics of Diesel 

and Spark Ignition (SI) combustion (i.e. high efficiency with low emissions) by igniting a homogeneous, lean 

air/fuel mixture through compression, like Diesel engines. This implies the use of a lean and homogeneous 

(or premixed) mixture in order to reduce the specific fuel consumption and the emissions of nitric oxides 

(NOx) and particulate matter (PM) both. However, the LTC technologies suffer from the ignition instability, 

cycle-to-cycle variation and, sometimes, higher carbon monoxide (CO) and unburned hydrocarbons (UHC) 

emissions. It is clear that the study of combustion is the main focus in the development of innovative SI 

engines. Combustion is a complex process of chemical reactions,   

1.1 - Issues of standard combustion 

In the premixed combustion engines, the mixture is partially premixed before reaching the intake valve, for 

both carburettor and PFI (Port Fuel Injection) systems. Thus, the mixture inside the combustion chamber is 

almost homogeneous and stoichiometric to ensure its ignition by the spark plug (hence the name SI “Spark 

Ignition” engines). A semi-spherical flame front will develop from the gap location to the chamber volume 

sides. The engine load regulation is acquired by quantity through to the throttle, which introduces 

unavoidable losses on pumping efficiency. SI engines are inexpensive, compact and easy to design. The 

mixture homogeneity makes SI engines almost PM free. However, the combustion through the development 

of a flame front leads to the development of incomplete combustion products, i.e. CO and HC. Moreover, 

the high temperature peak of the stoichiometric combustion leads to thermal NOx formation. Furthermore, 

SI engines suffer detonation of gasoline, which limits the volumetric compression ratio, thus limiting the 

Indicated Mean Effective Pressure (IMEP) inside the cylinder. The detonation limits can be solved using 

methane instead of gasoline, however up to now only dual-fuel powertrains are available on the market. On 

the other hand, in the diffusive combustion engines the combustion takes place at the same time as the 

mixing process. The engine intakes only air, then the fuel enters the combustion chamber through a high-
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pressure injector in the cylinder head. The fuel is mixed with the air and, thanks to high pressure and 

temperature conditions, it ignites spontaneously. The main advantage of the diffusive combustion is the 

combustion process speed, which together with the use of a globally lean mixture, leads to higher thermal 

and thermodynamic efficiencies compared to SI engines, as well as low CO and UHC emissions. In fact, the 

equivalence ratio is generally limited below 0.8 to reduce mechanical stresses and NOx emissions. The engine 

load adjustment is made by quality through the variation of the equivalence ratio, e.g. introducing less fuel 

but the same amount of air, thus pumping efficiency is less affected. Unfortunately, high pressure and 

temperature levels, in addition to the high amount of oxygen, leads to a NOx formation that is much higher 

than the gasoline engines. Another problem is the PM formation, which originates from the quenching of 

pyrolysis products in the spray axis. Finally, the system complexity leads to high manufacturing costs. 

1.2 - The prechamber combustion 

In light of the evolution of emission limits regulation, in the new millennium researchers have developed the 

LTC technology [14-19]. The Low Temperature Combustion was originally born to avoid thermal NOx 

formation, but it has been extended also to the improvement of engine efficiency and to the reduction of 

other pollutant emissions. The key idea is to develop a low-temperature combustion process to avoid 

thermal NOx formation and fuel-rich zones to eliminate PM production (Figure 1-1). In order to do that, it is 

necessary to operate with a lean and almost homogenous mixture. Fuel rich zones should theoretically be 

avoided as much as possible, even if that causes a more difficult ignition. 

 

Figure 1-1. Pollutant emissions formation in ICEs depending on temperature and equivalence ratio. 

A low-temperature combustion process must be almost instantaneous since it is not possible to burn via 

flame front propagation a fuel-lean mixture without encountering flame quenching. Thus, combustion must 
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have a knocking-like process. Compared to the standard SI combustion, the increase in burning speed leads 

to: 

￭ a higher combustion efficiency; 

￭ a higher indicated efficiency; 

￭ an almost CO and UHC free combustion. 

Furthermore, LTC engines can be regulated varying the amount of fuel thus increasing pumping efficiency. 

Thus, LTC merges together the best characteristics of gasoline and diesel engines (on one side, the high 

efficiency and the low UHC and CO emissions of diesel engines, on the other, the low PM emissions of SI 

engines) adding the concept of a low-temperature chemical process to solve NOx production issue. 

The prechamber-aided combustion is a single-fuel strategy in which a small prechamber is used to generate 

hot turbulent jets capable of igniting a fuel-lean mixture inside the main combustion chamber [20]. The 

combustion chamber is split into two different communicating volumes: a small volume prechamber and the 

main combustion chamber. The two volumes are connected through a small diameter duct or through small 

orifices. The sparkplug overlooks over the prechamber head (Figure 1-2). 

 

Figure 1-2. Example of prechamber combustion: Mahle TJI active prechamber. 

The combustion starts in the prechamber via spark ignition and develops via flame front propagation trough 

an almost stoichiometric mixture. Then, the flame front enters the duct or the orifices and accelerates itself, 

with or without or partially quenching. The hot turbulent jets enter the main combustion chamber through 

the orifices, generating turbulent phenomena of heat and mass exchange capable of igniting the fuel-lean 

fresh mixture. The use of the prechamber reduces the ignition delay and highly accelerates the combustion 

process, thanks to the increase in turbulent transport phenomena, which involves a higher amount of fresh 

mixture. This makes possible the ignition of an ultra-lean premixed mixture [20]: it can be considered a 

method to increase the reactivity of a lean mixture without the use of in-cylinder stratification or dual-fuel 

systems. The prechamber-aided combustion shows the same advantages of LTC systems: the ignition of a 

fuel-lean premixed mixture leads to lower NOx and PM emissions, the increase in burning velocity leads to 
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higher combustion and indicated efficiencies, furthermore the engine can be regulated varying the amount 

of fuel, thus increasing pumping efficiency. 

The main challenge is preparing an almost stoichiometric mixture inside the prechamber when a fuel-lean 

mixture is used inside the main chamber. Two different macro-classes of prechamber have been developed, 

depending on the fueling system:  

￭ active (or stratified) prechamber: the prechamber is provided with a dedicated injector in addition to the 

main one/s. This guarantees stoichiometric conditions inside the prechamber at each engine operation, 

but at the same time it increases system complexity; 

￭ passive (or un-stratified) prechamber: the prechamber is fueled during the compression stroke by the 

mixture coming from the cylinder. Passive prechambers are simple to install: commonly they can be 

screwed in the spark plug filleting without changing the cylinder head. However, they need of an accurate 

set-up of the injection system (in case of direct injection) or the use of a not too fuel-lean mixture (in case 

of indirect injection).  

Mixture ignitability, e.g. stoichiometric conditions, inside passive prechambers is generally carried out 

through direct injection phasing. Generally, spray-guided direct injectors are used, in such a way to directly 

fill the prechamber with fuel. However, passive prechambers have been applied to fuel-lean natural gas 

power-generation engines fueled via PFI. In this case, the ignition a fuel-lean mixture inside the prechamber 

is made possible by the high turbulence and the slow flow field, which form in the spark gap zone. The 

passive prechamber will be the subject of this thesis work. First, a literature search will be made to understand 

the design criteria and the influence of geometric parameters on prechamber filling and combustion 

processes. 

1.2.1 - Literature review 

In this chapter, the results of the most significant works available in literature concerning passive 

prechambers will be resumed. This literature review aims at establishing the main parameters which influence 

prechamber scavenging, fuel filling and combustion processes. At first, the review shows a brief 

argumentation on the ignition process inside the combustion chamber, which depends on prechamber 

geometry and engine operating conditions. Several geometric parameters have been selected as main actors 

to design passive prechambers: 

￭ prechamber shape; 

￭ orifice/s shape; 

￭ prechamber volume (𝑉𝑝); 

￭ overall flow passage (𝐴𝑡); 

￭ number of orifices; 

￭ inclination of orifices; 
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￭ prechamber position. 

1.2.2 - Ignition process inside the prechamber 

The combustion process inside the prechamber is similar to the flame front propagation in standard SI (Spark 

Ignition) engines. Thus, the mixture in the gap zone must be stoichiometric or at least slightly fuel-lean.  In 

the second case, the ignition zone must be provided by a high turbulence level and a slow flow field, as it 

happens in passive prechambers applied in premixed lean-burn engines. When the flame front reaches 

prechamber orifice/s, it accelerates with or without quenching itself [21]. If the flame front quenches passing 

through orifices, the ignition process may be called TJI (Turbulent Jet Ignition); otherwise, if the flame front 

survives, it may be called TI (Torch Ignition). Main differences between TJI and TI lie in penetration, 

momentum and turbulence of the hot jets when they enter the combustion chamber, which lead to different 

combustion processes: 

￭ in TJI combustion, turbulent high-momentum jets composed of active radicals and partially burnt gases 

reach the centre of the combustion chamber, generating a high-turbulence spheroidal-like flame front 

which quickly leads to the detonation of the surrounding fresh mixture; 

￭ in TI combustion, hot low-momentum jets composed of wrinkled flames and burnt gases penetrate less 

the cylinder charge, compared to TJI, but increase the local heat exchange since the flame is still alive, 

acting as multiple flashpoints on the upper zone of the cylinder. It results in a 2D-like turbulent flame 

front which may cause (or not) the detonation of the surrounding fresh mixture, depending on the engine 

operating conditions. 

TJI combustion process seems to be more effective compared to TI, thus for an equal equivalence ratio inside 

the prechamber and equal engine operating conditions, it leads to the ignition of a leaner mixture inside the 

combustion chamber [21]. Indeed, the separation between these two classes is not so marked. It is possible 

that the flame partially quenches only inside the orifice/s. Yamaguchi et al. [22] have categorized in detail 

the ignition process into four different classes, depending on the predominance of the chemical processes 

between active radicals and fresh mixture rather than thermodynamic processes between flame and fresh 

mixture: 

￭ chemical chain ignition and well-dispersed burning; 

￭ composite ignition and well-dispersed burning followed by wrinkled laminar burning; 

￭ flame kernel torch ignition and wrinkled laminar burning; 

￭ flame front torch ignition and wrinkled laminar burning. 

Even if all the four classes were able to ignite the in-chamber mixture, the second one, in which chemical 

and thermodynamic processes coexist, is found to be the best choice. The same prechamber can perform 

both TJI combustion and TI combustion, depending on the engine operating conditions. Big prechamber 

volumes 𝑉𝑝 and small flow passage areas 𝐴𝑡 lead to high pressure differences between the prechamber and 

the main chamber, which promote TJI combustion [21]. Furthermore, TJI combustion is promoted by low 
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pressure and fuel-lean in-cylinder mixtures, while high temperatures and stoichiometric mixtures support TI 

combustion [22, 23]. An expression to evaluate the critical orifice diameter, which separates the TJI from the 

TI combustion, as a function of the engine operating conditions is given by Adams [24]. The critical diameter 

only refers to prechambers characterized by an opened duct, but it can be extended to the overall flow 

passage area 𝐴𝑡 in multi-orifice prechambers, on condition that the increase in the wetted perimeter will be 

considered. 

1.2.3 - Geometrical parameters 

The prechamber can be characterized by: 

￭ a lengthened shape: the prechamber is characterized by a big volume on top, which can take a cylindrical 

or conical shape, and a cylindrical lengthened channel. The channel bottom can be opened or closed to 

the combustion chamber. In the second case, duct and combustion chamber communicate through one 

or more small orifices.   

￭ a stumpy shape: the prechamber is large and flattened, characterized by a height-to-width ratio typically 

lower than 1.5, without a connection duct which separates the prechamber head from the main 

combustion chamber. Prechamber and combustion chamber communicate through one or more small 

orifices.  

Lengthened-shape prechambers, as said, are characterized by two different volumes: the head and the duct. 

The channel length is frequently tantamount to the cylinder head thickness. The external diameter is the 

same as standard sparkplugs to not adjust the cylinder head, thus the filleting pitch of the external wall of 

the duct is 1.25 mm. The internal wall of the prechamber head is filleted to hold the sparkplug (pitch 1.25 

mm), for small volume prechambers, or the sparkplug adaptor, for big volume ones. These typologies of 

prechambers can be both passive or active, even if they are more suitable for the second use. It seems that 

there are no passive lengthened prechambers available on the market, while active ones have been recently 

introduced by Mahle. Stumpy-shape prechambers frequently consist in a sort of small-volume cylindrical (or 

semi-spherical) capsule, which covers the sparkplug electrodes. In this case, the prechamber is integrated 

into the sparkplug itself. That system is usually called “Prechamber Spark Plug”. These prechambers are 

frequently used in natural gas power-generation engines and have been available on the market for years. 

Stumpy-shape prechambers can also be independent from the sparkplug. In that case, the internal wall is 

filleted to hold the sparkplug itself (pitch 1.25), for small-volume prechambers, or the sparkplug adaptor, for 

big-volume ones; the external wall instead is filleted to be screwed on the cylinder head (pitch 1.25). 

Obviously, the use of big-volume stumpy prechambers could require the enlargement of the pre-existing 

hole on the cylinder head.  
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Figure 1-3. From the left: the Mahle active lengthened prechamber, two examples of passive lengthened 

prechambers [25, 26], two passive stumpy prechambers available on market (Guascor 

7664604 Spark Plug and Altronic Prechamber Spark Plug).  

Once defined the two typical prechamber shapes, it is now possible to show the main differences in their 

behaviour. In general, it can be claimed that in four-stroke engines, the scavenging process inside the 

prechamber is much better when using stumpy prechambers instead of lengthened ones. That can be seen, 

for example, comparing the in-prechamber flow fields reported by Radicchi et al. [25], in a lengthened 

prechamber, and Fu et al. [27], in a stumpy one. The better scavenging of stumpy-shape prechambers can 

be attributed to the fact that, when using more than one orifice, they are better able to exploit the flow field 

inside the cylinder, primarily the tumble motion. 

1.2.4 - Influence on the fuel filling process and the mixture homogeneity 

In PFI engines, the equivalence ratio of the mixture inside the prechamber is almost the same as that inside 

the cylinder. It can be stated that, when using lean-burn engines, the use of the prechamber may lead to the 

ignition of a slightly leaner mixture because of the higher turbulence level and the lower flow field intensity, 

which can form in the head zone of the prechamber. Wolff et al. [28] have investigated the mixture formation 

inside a passive prechamber applied to a lean-burn natural gas PFI engine through the LIF (Laser-Induced 

Fluorescence) analysis of acetone. Cylindrical and conical shapes have been investigated on equal 

prechamber height and head diameter. Experimental results have shown that the use of a cylindrical 

prechamber leads to a higher mixture homogeneity, thus to a lower cycle-to-cycle variation. On the contrary, 

when using DI engines, the mixture formation inside the prechamber strictly depends on injector pressure 

and timing, while the prechamber effectiveness strictly depends on the ignition point [21]. 

Fu et al. [27] have investigated the mixture formation inside a passive prechamber applied to a four-stroke 

GDI engine. The prechamber is characterized by a diameter of 12 mm and three holes of 4 mm (one facing 

the intake manifold). The injection has been split into two separate phases: the main injection, during the 

intake stroke, used to adjust the engine power output, and the pilot injection, during the compression stroke, 
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used to control the equivalence ratio inside the prechamber. The spray was directed toward the orifice facing 

the intake valves. Results have shown that it is possible to successfully fill the prechamber with gasoline 

without allowing the fuel to escape from the other two orifices before the ignition phase takes place. 

Furthermore, the mixture inside the upper volume of the prechamber was found to be almost stoichiometric, 

thus highly ignitable. 

1.2.5 - Influence on combustion and performance 

As for premixed engines, Gomes et al. [29] have investigated three different prechamber shapes to be used 

in a Fiat’s 1.6 liters PFI gasoline engine under stoichiometric conditions. All the prechambers have a 

lengthened shape and are characterized by: 𝑉𝑝 of 1.97 cc, 𝑉𝑝 𝑉𝑐⁄  of 0.5%, 𝑉𝑝 𝑉𝑐𝑐⁄  of 4.14%. Geometric 

parameters of the three prechambers are: 

￭ four 3 mm diameter orifices on the prechamber bottom, each with a dedicated channel of the same 

diameter. 𝐴𝑡 of 28.27 mm2, equivalent to 𝐴𝑡 𝑉𝑝⁄  of 14.35*10-3 mm-1; 

￭ four 1.5 mm diameter orifices on the prechamber bottom. One only central channel connects orifices to 

the prechamber head. 𝐴𝑡 of 7.07 mm2, equivalent to 𝐴𝑡 𝑉𝑝⁄  of 3.59*10-3 mm-1; 

￭ one only 6 mm diameter channel, fully opened to the combustion chamber. 𝐴𝑡 of 28.27 mm2, equivalent 

to 𝐴𝑡 𝑉𝑝⁄  of 14.35*10-3 mm-1. 

Experimental results have shown, in all cases, a reduction in torque when using the prechambers. That 

behaviour has been attributed to the higher thermal losses, due to the increase in the external surface of the 

engine, and to the lower volumetric compression ratio, due to the addition of the prechamber volume. 

Furthermore, in all cases, the prechamber has led to an increase in the NOx formation due to the higher 

temperature peak, which is due to the faster combustion process. 

Mavinahally et al. [30] have investigated four different prechamber shapes to be used in a single-cylinder 

661cc PFI engine. The engine, originally made to be fueled with mineral diesel, has been arranged to be ran 

as a lean-burn premixed gasoline engine. Prechambers have been positioned in lieu of the diesel injector. 

Geometric parameters of the four prechambers are: 

￭ 𝑉𝑝 of 0.926cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.14%. Duct with a 6mm diameter directly opened to the combustion 

chamber. 𝐴𝑡 of 28.27mm2, equal to 𝐴𝑡 𝑉𝑝⁄  of 30.53*10-3 mm-1; 

￭ 𝑉𝑝 of 0.926cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.14%. Duct with a 6mm diameter directly opened to the combustion 

chamber. Four lateral orifices of 3mm diameter. 𝐴𝑡 of 65.96 mm2, equal to 𝐴𝑡 𝑉𝑝⁄  of 71.23*10-3 mm-1; 

￭ 𝑉𝑝 of 1.462cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.22%. Duct with a 9 mm diameter directly opened to the combustion 

chamber. Four lateral orifices of 3 mm diameter and eight lateral orifices of 2 mm diameter. 𝐴𝑡 of 117mm2, 

equivalent to 𝐴𝑡 𝑉𝑝⁄  of 80.03*10-3 mm-1; 

￭ 𝑉𝑝 of 1.462cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.22%. Closed duct with a single orifice of 2.5 mm diameter on the bottom 

and four lateral orifices of 3 mm diameter. 𝐴𝑡 of 33.18 mm2, 𝐴𝑡 𝑉𝑝⁄  of 22.69*10-3 mm-1. 
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The authors suggest adopting prechambers characterized by a closed channel and a consistent number of 

orifices, with which they have obtained a higher brake thermal efficiency, a lower cycle-to-cycle variation and 

an extension of the operative range toward leaner premixed mixtures. Mavinahally et al.’s results seem to 

contrast with Gomes et al.’s ones. The authors have also investigated the influence of the distance between 

sparkplug and orifices on the brake thermal efficiency and flammability limits using the same prechamber 

volume and geometry. Experimental results have shown that by decreasing the distance between sparkplug 

and orifices it is possible to increase both lean and rich flammability limits and to enhance the BTE, thanks 

to the faster combustion process. Authors have noted that the increase in the combustion speed allows the 

ignition advance timing to be reduced, which leads to lower NOx formation, as stated by Kataoka e Hirako 

[31]. 

Moreira [32] have applied a lengthened prechamber of 3.66cc (𝑉𝑝 𝑉𝑐⁄  of 0.92%), with a 6 mm diameter 

opened duct (𝐴𝑡 of 28.27 mm2) to a Fiat 1.6 litre PFI engine. Investigating the engine performance up to 50% 

of the torque and operating it at  1.2, experimental results have shown a reduction in BFSC up to 9.74%, a 

reduction in HC emissions up to 52.4%, a reduction in CO emissions up to 91.21%  and a reduction of CO2 

emissions up to 8.82%. Even if the PFI engine has shown great performances at  1.3, it has also shown a too 

high cycle-to-cycle variation, thus it was stated that it is not possible to operate the engine at  higher than 

1.2. It should be noted that the improvements in performance obtained by Moreira, compared to Gomes’s 

[29] and Baptista’s [26] results, is probably due mainly to the reduction of the cylinder height in such a way 

to keep the original compression ratio constant, instead of the prechamber itself. 

Another important issue of lengthened prechambers seems to be the overheating. Since the prechamber 

head comes out from the cylinder head, the cooling liquid, which passes through the cylinder head channels, 

can not cool the prechamber adequately. This problem has been seen by Sa [33]. 

Regarding the direct-injection engines, stable operating conditions have been obtained using very fuel-lean 

mixtures at low-loads (up to  1.7 compared to  1.35 without prechamber), by Chiodi et al. [21], applying a 

0.3cc eight-orifices stumpy prechamber to a 400cc GDI engine, both numerically and experimentally. Chiodi 

et al. in the same work have also numerically compared the engine performance with and without the 

prechamber at full load. Authors have stated that when using the prechamber, the faster combustion process 

leads to a too-high in-cylinder pressure when using a stoichiometric mixture, thus fuel-lean mixtures must 

be adopted even at full load. In fact, the SI engine was operated at  0.85, like standard PFI engines at full 

load, while the TJI engine was operated at  1.4. 

Results have shown, as expected, a reduction of 15% in IMEP due to the lower fuel mass burned per cycle. 

However, the indicated efficiency has been increased by 25% and the temperature peak has been reduced 

by 500 K, achieving LTC goals. 
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1.2.6 - Prechamber volume 

The amount of fuel inside the prechamber does not directly contribute to the production of work as it is 

used to accelerate the combustion process inside the main chamber. Since the amount of fuel inside the 

prechamber is strictly related to its volume, it should be as little as possible to reduce the fuel consumption. 

On the other hand, the higher the amount of fuel inside the prechamber, the higher the effectiveness of the 

ignition process inside the main chamber, since the hot jets increase their velocity, turbulence and heating 

capacity. This is a very important aspect, especially when very fuel-lean mixtures are used. Furthermore, the 

prechamber volume is useless if not compared to the displacement of the engine, since it must be chosen 

depending on the amount of fuel and air inside the cylinder. For this reason, we always refer to the ratio 

between the prechamber volume and the displacement 𝑉𝑝 𝑉𝑐⁄ . Prechamber volumes used in premixed 

engines lie in a very wide range, for example: 

￭ Baptista [33]: 𝑉𝑝 of 3.816cc and 𝑉𝑝 𝑉𝑐⁄  of 0.85% in a gasoline PFI engine; 

￭ Gomes [36]: 𝑉𝑝 of 1.97cc and 𝑉𝑝 𝑉𝑐⁄  of 0.5% in a gasoline PFI engine; 

￭ Mavinahally et al. [37]: 𝑉𝑝 of 1.462cc and 𝑉𝑝 𝑉𝑐⁄  of 0.22% in a gasoline PFI engine; 

￭ Moreira [39]: 𝑉𝑝 3.66cc and 𝑉𝑝 𝑉𝑐⁄  of 0.92% in a gasoline PFI engine; 

￭ Roethlisberger and Favrat [41]: 𝑉𝑝 of 4.54cc and 𝑉𝑝 𝑉𝑐⁄  of 0.28% in a natural gas PFI engine. 

Chiodi et al. [21] have investigated two stumpy-shape prechambers of 0.15cc and 0.3cc in a 400cc single-

cylinder GDI engine, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.0375% and 0.075% respectively. Both prechambers are characterized 

by eight holes (the authors have not specified the diameter). Comparing the two prechambers, the bigger 

one has shown first a 5% lower scavenging, in terms of trapped residual gases, thus slightly higher cycle-to-

cycle variation and misfiring risk. The flame front inside the bigger prechamber was found to be slower, 

leading to a reduced mass flow coming out of the prechamber. However, a higher pressure difference 

between the chambers was observed. The delay between the sparkplug signal and the ignition of the main 

chamber was found to be almost the same. However, the greater ignition capacity of the bigger prechamber 

hot jets due to the higher pressure difference, has resulted in a reduction in time of 40% from ignition point 

to 5% MFB (Mass of Fuel Burnt). In the same manner, the total combustion duration was decreased, 

increasing the maximum pressure and the indicated mean effective pressure. Authors have noted that the 

combination of a slower flame front propagation speed with a higher pressure difference increases the 

amount of unburnt mass ejected (with a high concentration of radicals), which positively affects the TJI 

combustion inside the main chamber. 

In PFI engines, the prechamber volume seems to affect the combustion in the same way as in DI ones. Higher 

volumes, for a given 𝐴𝑡, have led to greater pressure differences between prechamber and main chamber, 

which promote the TJI combustion, thus a lower combustion duration [22, 35]. On the contrary, higher 

volumes, for a given 𝐴𝑡 𝑉𝑐⁄ , have led to lower pressure differences between prechamber and main chamber, 

slowing down the combustion process [34, 35]. 
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1.2.7 - Overall flow passage area 

Gentz et al. [20] have experimentally investigated the prechamber-aided combustion process in a rapid 

compression machine fueled by hydrogen/air mixture. Experiments aimed at reproducing the PFI engine 

conditions, thus with the same equivalence ratio both in prechamber and chamber. The prechamber is 

characterized by 𝑉𝑝 of 1cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.22%, and one single orifice. Four different orifices have been 

investigated: 

￭ diameter of 1.0 mm, equal to 𝐴𝑡 of 0.79 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 0.79*10-3 mm-1; 

￭ diameter of 1.5 mm, equal to 𝐴𝑡 of 1.77 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 1.77*10-3 mm-1; 

￭ diameter of 2.0 mm, equal to 𝐴𝑡 of 3.14 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 3.14*10-3 mm-1; 

￭ diameter of 3.0 mm, equal to 𝐴𝑡 of 7.07 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 7.07*10-3 mm-1. 

Results have shown that using too small orifices, the hot jet bumps into the piston bowl and the ignition 

inside the combustion chamber starts from the bottom and then develops to the top. In the main chamber, 

fuel-lean ignitability difficulties have been found with flow passages too big and too small. With the diameter 

of 3 mm, it was not possible to operate above  1.65 due to a too low jet penetration, while with the diameter 

of 1 mm, it was not possible to operate over  1.25 due to a too high jet velocity which leads to excessive 

shearing stresses. With diameters of 1.5 mm and 2 mm, the lean ignitability limit has been respectively 

extended up to  1.85 and 1.81. Diameters of 1.5 mm and 2 mm have led to the lowest 0-10% and 10-90% 

MFB duration when using fuel-lean mixture, more than the 1/3 lower compared to the standard SI engine. 

Vice versa, when using a stoichiometric mixture, there were no significant differences between the four 

diameters. Thus, it can be stated that the overall flow passage plays a key role both on the combustion 

duration and lean flammability limits.    

1.2.8 - Number of orifices 

Before reporting the studies that deal with the influence of the number of orifices on the combustion, it 

should be noted that for an equal geometric total flow passage area, an increase in the number of orifices 

leads to an increase of the overall wetted perimeter, thus to higher pressure losses during compression. That 

may lead to a lower amount of mixture mass entering the prechamber. Thus, the increase in the number of 

orifices leads to a reduction in the effective flow passage area. Hence, increasing the number of orifices, a 

higher pressure difference can be expected between prechamber and main chamber and an increase in the 

critical area, i.e. the geometric overall flow passage area which separates TJI combustion from TI one. 

Roethlisberger and Favrat [34] have experimentally studied the influence of the number of orifices on the 

combustion process in a lean-burn single-cylinder 1.8 liters PFI engine with a passive prechamber. It is 

characterized by 𝑉𝑝 of 4.54 cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.28% and 𝑉𝑝 𝑉𝑐𝑐⁄  of 2.99%. Two numbers of orifices are 

tested, keeping constant 𝐴𝑡 of 14.10 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 3.11*10-3 mm-1: four orifices with diameters of 2.12 mm 

and six orifices with diameters of 1.73 mm. For the same 𝐴𝑡, reducing the number of orifices the combustion 

process is faster, a higher efficiency is achieved and lower CO and UHC emissions are produced. The variation 
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in the number of orifices has not influenced significantly the pressure difference between prechamber and 

chamber. 

Gentz et al. [20] have experimentally investigated the prechamber-aided combustion process in a rapid 

compression machine fueled by hydrogen/air mixture. Experiments aimed at reproducing PFI engine 

conditions, thus with the same equivalence ratio both in prechamber and chamber. The prechamber is 

characterized by 𝑉𝑝 of 1cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.22%. Three different numbers of orifices have been 

investigated:  

￭ single orifice with diameter of 3 mm, equal to 𝐴𝑡 of 7.07 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 7.07*10-3 mm-1; 

￭ two orifices with diameter of 2.165 mm, equal to 𝐴𝑡 of 7.36 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 7.36*10-3 mm-1; 

￭ three orifices with diameter of 1.707 mm, equal to 𝐴𝑡 of 6.8 mm2 𝐴𝑡 𝑉𝑝⁄  of 6.873 mm-1. 

During stoichiometric operations, results show lower 0-10% and 10-90% MFB durations when using all the 

three prechambers compared to the standard combustion. Increasing the air-to-fuel equivalence ratio i.e. 

moving toward fuel-lean conditions, one- and three- orifices configurations have progressively deteriorated 

their combustion performances, making the combustion duration worse than standard combustion for  

higher than 1.5. On the contrary, when using the two-orifice prechamber, results have shown much lower 0-

10% and 10-90% MFB duration even at very fuel-lean conditions. The higher combustion rate of the two-

orifice prechamber has been explained in the more homogenous combustion, which takes place on the 

whole volume of hot jets. In the two-orifice configuration, the hot jets have lower shear and thermal losses 

compared to the three-orifice one. In fact, in the three-orifice prechamber, combustion has started first on 

the central jet head due to the compression carried out by lateral jets. Furthermore, the better distribution 

of hot jets inside the combustion chamber reduces the interaction with cylinder walls and leads to a much 

volumetric combustion compared to the single orifice configuration, in which combustion has started on the 

piston head during the jet impingement and then has propagated toward the cylinder head. 

Roethlisberger and Favrat [35] have numerically studied the addition of a coaxial orifice on prechamber filling 

and combustion process in a single-cylinder PFI engine of 1.8 liters equipped with a passive prechamber, 

working with premixed slightly lean natural gas/air mixture. The prechamber is characterized by 𝑉𝑝 of 4.54cc, 

equal to 𝑉𝑝 𝑉𝑐⁄  of 0.28% and 𝑉𝑝 𝑉𝑐𝑐⁄  of 2.99%. 𝐴𝑡 was kept constant and equal to 18.85 mm2 for 𝐴𝑡 𝑉𝑝⁄  of 

4,15*10-3 mm-1. Two configurations of orifices have been investigated: six lateral 2 mm diameter orifices and 

six lateral orifices plus a coaxial orifice, all with a 1.85 mm diameter. For the same overall flow passage area, 

the addition of a coaxial orifice has resulted in an increase in axial velocity during prechamber filling, which 

prepares the way for the fresh mixture to reach the sparkplug zone, and a higher turbulence intensity in the 

spark zone, which improves mixture ignitability. The addition of a coaxial orifice has not significantly 

influenced on the pressure difference between prechamber and main chamber. 

Even if the aforementioned works clearly explain the influence of orifices on the combustion process, it is 

not possible to establish a general selection criterion, since it depends firstly on the injection system (indirect 

or direct injection), on the equivalence ratio at which the engine is operated (stoichiometric or lean-burn) 

and on the prechamber volume. Great results have been obtained both by Moreira [39] using a lengthened-
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shape opened-channel prechamber in a slightly fuel-lean PFI gasoline engine and by Chiodi et al. [21] using 

a stumpy-shape prechamber with eight orifices in a GDI gasoline engine. Surely, when using a GDI engine, 

the process with which the prechamber is filled with fuel become crucial and the best choice seems to be 

the adoption of small stumpy-shape multi-orifice prechambers, in such a way as to not let the fuel escape 

once entered the prechamber. In premixed engines, the design will be based on the achievement of an 

adequate scavenging process (simpler in stumpy-shape prechambers), and on the achievement of the most 

effective combustion process, in such a way to improve the leanness of the mixture. 

1.2.9 -  Inclination of orifices 

Adams [36] has investigated two different orientations of hot jets in a passive prechamber with a single 

opened channel. The author has stated that orienting the prechamber duct toward the exhaust valve leads 

to a better scavenging of the prechamber, thus a lower cycle-to-cycle variation, and to lower NOx and UHC 

emissions. Vice versa, when the duct has been pointed toward the cylinder axis the author has observed a 

higher in-cylinder pressure, thus a higher engine torque. 

Roethlisberger and Favrat [35] have numerically investigated the use of a passive prechamber in a single-

cylinder PFI engine of 1.8 liters working with premixed slightly lean natural gas/air mixture. The lengthened-

shape prechamber was characterized by 𝑉𝑝 of 4.54cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 0.28% and 𝑉𝑝 𝑉𝑐𝑐⁄  of 2.99%, and six 2 

mm diameter orifices, equal to 𝐴𝑡 of 18.85 mm2 and 𝐴𝑡 𝑉𝑝⁄  of 4.15*10-3 mm-1. Three inclinations of orifices 

towards the cylinder axis have been investigated: 45°, 60° and 75°. The increase in the inclination of orifices 

has led to the following considerations:  

￭ a higher pressure difference between the two chambers, due to the lower mass flow which passes through 

orifices; 

￭ a higher turbulence at the orifice outlet; 

￭ a higher dissipation of turbulence in the prechamber bottom zone; 

￭ a higher axial velocity inside the prechamber during compression, which leads to a higher flow f ield in 

the sparkplug gap zone. 

Varying the orifice inclination has not influenced the equivalence ratio in the sparkplug gap zone during the 

ignition window, since the increase in the axial velocity balances the lower mass flow. The authors have also 

numerically examined the use of a 15° swirl angle applied on the prechamber orifices. The resulting swirl 

motion both inside the prechamber, during the compression phase, and inside the combustion chamber, 

during the combustion and expansion phases, have led to a higher pressure difference between prechamber 

and main chamber, thus to a better combustion process. However, it has reduced the quality of the 

prechamber scavenging process since exhaust gases on the prechamber axis tend to be stagnant, delaying 

the incoming of fresh mixture in the sparkplug gap zone, thus increasing the probability of misfiring. 



Chapter 1 

42 

1.2.10 - Prechamber position 

Ryu and Asanuma [37] have investigated a passive lengthened-shape prechamber of 21cc, equal to 𝑉𝑝 𝑉𝑐⁄  of 

7%, in a single-cylinder four-stroke side-vale PFI gasoline engine of 297cc, varying the prechamber position 

on the cylinder head. The prechamber is connected to the main chamber through a single duct of 17 mm in 

length. Four different positions towards the cylinder axis have been investigated. Experimental results have 

shown that using a central prechamber with the duct aligned with the cylinder axis leads to: 

￭ a higher turbulence in the main chamber; 

￭ a higher pressure and temperature peak; 

￭ a lower combustion duration; 

￭ a lower fuel specific consumption; 

￭ an increase of NOx emissions. 
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2 - CFD modelling for non-reacting flows 

Computational Fluid Dynamic codes are based on conservation laws, which can be obtained by considering 

a given quantity of matter or control mass and its extensive properties, such as mass, momentum and energy. 

In fluid dynamic, it is more convenient to define a control volume and to study the evolution of the flow that 

spatial region. The conservation equations required are: 

￭ continuity equation; 

￭ momentum equation; 

￭ energy equation. 

This set of equations, when applied to a viscous flow, is known as Navier-Stokes equations. In 3D problems, 

this is a 5 equations system, since the momentum equation is a vectorial quantity. Furthermore, the equation 

of the state is required to determine the state of the fluid and to link the thermodynamic variables, pressure, 

temperature, energy and density. 

A conservation equation for a generic scalar quantity 𝜙: 

𝜕

𝜕𝑡
∫ 𝜙𝑑Ω

Ω

= − ∮ �⃗� ∙ 𝑑𝑆

𝑆

+ ∫ �⃗⃗�𝑣𝑑Ω

Ω

+ ∮ �⃗⃗�𝑠 ∙ 𝑑𝑆

𝑆

 

where: 

￭ Ω is the control volume domain; 

￭ 𝑆 is the surface of the volume domain; 

￭ �⃗� is the flux; 

￭ �⃗⃗�𝑣 and �⃗⃗�𝑆 are volume and surface source terms respectively. 

From this general formulation, the conservation equations for a fluid flow can be derived. Considering 𝜌 as 

the scalar quantity, the continuity equation can be written: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗⃗�) = 0 

The momentum equation can be derived from the conservation equation, considering 𝜙 = 𝜌�⃗⃗�: 

𝜕(𝜌�⃗⃗�)

𝜕𝑡
+ ∇ ∙ (𝜌�⃗⃗��⃗⃗� + 𝑝𝛿̿ − 𝜏̿) = 𝜌𝑓𝑒

⃗⃗⃗ ⃗ 

Where: 

￭ 𝑝𝛿̿ is the isotropic pressure component; 
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￭ 𝜏̿ is the viscous shear stress tensor, representing the internal friction forces of fluid layers against each 

other; according to the Newton’s constitutive law, the shear stress can be written as follows: 

𝜏𝑖𝑗̿̿ ̿ = 𝜇 [(
𝜕𝑢𝑗

𝜕𝑥𝑖

+
𝜕𝑢𝑖

𝜕𝑥𝑗

) −
2

3
(∇ ∙ �⃗⃗�)𝛿𝑖𝑗] 

To obtain the energy equation, the conserved quantity is the total energy 𝐸, defines as the sum of fluid 

internal energy plus its kinetic energy per unit mass (𝐸 = 𝑒 + 1
2⁄ 𝑢2): 

𝜕(𝜌𝐸)

𝜕𝑡
+ ∇ ∙ (𝜌𝐸�⃗⃗�) = ∇ ∙ (λ∇𝑇) + ∇ ∙ (𝜎 ∙ �⃗⃗�) + 𝜌𝑓𝑒

⃗⃗⃗ ⃗ ∙ �⃗⃗� + 𝑞𝐻 

Where: 

￭ λ is the thermal conductivity of the fluid; 

￭ (𝜎 ∙ �⃗⃗�) represents the work done on the fluid by pressure and internal shear stress acting on the control 

volume; 

￭ (𝜌𝑓𝑒
⃗⃗⃗ ⃗ ∙ �⃗⃗� + 𝑞𝐻) represents the work of the volume forces and heat sources. 

These conservation equations are sufficient to study the non-reacting flows. Nevertheless, turbulence must 

be modelled in order to take into account the effect of turbulent eddies on the fluid motion. 

2.1 - Turbulent flows 

Turbulence is the natural state of a fluid flow and it occurs when the Reynolds number (𝑅𝑒 =
𝜌𝐿

𝜈⁄ ) exceeds 

a critical value: inertia of the flow is higher than viscous forces and flow becomes irregular and chaotic. In 

such conditions, measurements of flow velocity reveal the appearance of stochastic velocity fluctuations 𝑢𝑖
′(𝑡) 

generated by small vortices. The characteristic size of the smallest vortices strongly depends on the Reynolds 

number (Figure 2-1) and the phenomenon is intrinsically three-dimensional, since turbulent eddies evolve in 

all directions. Turbulent flows show some typical features. Turbulent flows contain fluctuations in the 

dependent-field quantities, such as velocity, pressure and temperature, even when the flow’s boundary 

conditions are steady. Turbulent fluctuations appear to be irregular, chaotic and unpredictable. Turbulence 

involves a range of eddy sizes, which increase as the Reynolds number increases. Turbulent eddies lead to 

transfer energy to smaller scales, via nonlinear interactions, until velocity gradients become so large that the 

energy is dissipated into heat by the action of viscosity and motion of the smallest eddies. Therefore, 

persistent turbulence requires a continuous supply of energy in order to make up for this energy losses. 

Furthermore, turbulent flows are characterized by a rapid rate of mixing and diffusion process due to the 

effect of fluctuations. 
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Figure 2-1. Effect of Reynolds number on turbulent structures. 

Turbulence can be represented with the so-called Reynolds decomposition: 

𝑢𝑖(𝑥, 𝑡) = �̅�𝑖(𝑥) + 𝑢𝑖
′(𝑥, 𝑡) 

Where �̅�𝑖 is the mean value and 𝑢𝑖
′ is the fluctuating component. In order to predict turbulent flows, both 

physical and statistical considerations are required. From measurements of 𝑢𝑖(𝑡), its standard deviation 𝑢𝑖,𝑟𝑚𝑠 

can be computed, which is related to some important characteristic such as turbulent intensity 𝐼: 

𝐼 =
𝑢𝑟𝑚𝑠

�̅�
=

√𝑢𝑥,𝑟𝑚𝑠
2 + 𝑢𝑦,𝑟𝑚𝑠

2 + 𝑢𝑧,𝑟𝑚𝑠
2

√�̅�𝑥
2 + �̅�𝑦

2 + �̅�𝑧
2

 

And turbulent kinetic energy (TKE) 𝑘, which reflects the level of unsteadiness: 

𝑘 =
1

2
(𝑢𝑥,𝑟𝑚𝑠

2 + 𝑢𝑦,𝑟𝑚𝑠
2 + 𝑢𝑧,𝑟𝑚𝑠

2 ) =
3

2
(𝐼�̅�)2 

In a turbulent flow, eddies can be found in a wide range of spatial, temporal and velocity scales. Each one 

has a specific role in the so-called Energy Cascade process, which explains how the flow dissipates the 

turbulent kinetic energy (Figure 2-2). Biggest anisotropic scales (energy containing range) introduce the 

energy in the cascade process whereas the smallest isotropic ones dissipate it (dissipation range). Between 

these scales, there is the inertial sub-range that transports the turbulent kinetic energy towards the smaller 

scales. This transfer process occurs because eddies break down and become ever smaller and more isotropic. 

The energy distribution between eddies of different scales is represented by the energy spectrum 𝐸(𝜅): 

𝐸(𝜅)𝑑𝜅 = 𝑑𝑘 
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Where 𝜅 = 2𝜋
𝑙⁄  is the wave number related to the eddies of size 𝑙. 

 

Figure 2-2. Energy cascade process. 

The largest eddies have scales called integral scales (𝑙0, 𝑢0, 𝜏0) and they are related to the studied problem. 

The dimension of these scales has the same order of the characteristic scales of the flow: therefore, they are 

influenced by boundary conditions. As a consequence, the turbulent structures do not show universal 

features and they represent the main source of energy and anisotropic of the flow. On the other hand, the 

smallest scales, called Kolmogorov scales (𝜂), are responsible for the dissipation process: thus, viscous forces 

are comparable to the inertial ones (𝑅𝑒𝜂 =
𝑢𝜂𝜂

𝜈
≈ 1). Since in equilibrium condition the energy transfer equals 

the energy dissipation, this last term depends only on the integral scales. Through dimensional analysis, it is 

possible to define the turbulent dissipation rate 휀: 

휀 ≈
𝑢0

3

𝑙0

≈
𝑢0

2

𝜏0

 

It can be noted that the turbulent dissipation rate is independent from cinematic viscosity. Assuming 𝑘 ≈ 𝑢0
2, 

the turbulent length scale can be written as: 

𝑙0 ∝
𝑘1.5

휀
 

The remaining scales can be calculated for high Reynolds flows, considering the three Kolmogorov 

hypothesis: 
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 In turbulent flows exist a length scale 𝑙𝐸1 ≪ 𝑙0 below which the turbulent scales are statistically isotropic. 

These are the Kolmogorov scales. 

 These isotropic scales and their statistics have universal shape only determined by 𝜈 and 휀. Thus, by 

means of dimensional analysis, those quantities can be estimated as: 

𝜂 = (
𝜈3

휀
)

0.25

, 𝑢𝜂 = (휀𝜈)0.25, 𝜏𝜂 = (
𝜈

휀
)

0.5

 

 Statistics quantities of intermediate scales 𝑙 (𝜂 ≪ 𝑙 ≪ 𝑙0) have a universal shape which depends only on 

휀. In this range, for a given length scale l, velocity and time scales are estimated as: 

𝑢(𝑙) ≈ (휀𝑙)
1

3⁄ ≈ 𝑢0 (
𝑙

𝑙0

)

1
3⁄

, 𝜏(𝑙) ≈ (
𝑙2

휀
)

1
3⁄

≈ 𝜏0 (
𝑙

𝑙0

)

2
3⁄

 

2.2 - Turbulence modelling 

Turbulence modelling is one of the key elements in CFD and a considerable modelling effort is required. 

There are several methods to obtain a solution of the Navier-Stokes equations [38-41]. These methods differ 

by which information are solved compared to those which are modelled. Three different levels of 

approximation for turbulence are available: 

 Direct Numerical Simulation (DNS): simulates the whole range of the turbulent fluctuations at all relevant 

scales. This technique requires a notable computational effort, since to solve even the smallest turbulent 

velocity fluctuations, the spatial grid needs to be extremely fine and time steps small enough to resolve 

the fastest perturbations. Thus, this technique can not be used for industrial applications. 

 Large Eddy Simulation (LES): it computes directly the turbulent fluctuations in space and time above a 

certain length scale, below which turbulence is modelled by semi empirical laws. 

 Reynolds-averaged Navier-Stokes (RANS) equations: this method involves time averaging of the Navier-

Stokes equations. It is so far the most common approach used in CFD applications. 

Since the RANS approach was used in this thesis, only this numerical method will be presented in the next 

paragraph. 

2.2.1 - RANS approach 

In RANS approach, a time average operation is applied to the Navier-Stokes equations. A generic quantity 

𝜙(𝑥, 𝑡) is decomposed as a mean value plus a fluctuating component: 

𝜙(𝑥, 𝑡) = �̅�(𝑥) + 𝜙′(𝑥, 𝑡) 

Then, the time average operator is applied to the whole system, considering that: 
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 The average of the mean term is equal to itself: 

�̿� = �̅� 

 The average of the fluctuating term is equal to zero: 

𝜙′̅̅ ̅ = 0 

 The average is a linear operator: 

(𝑎 + 𝑏)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = �̅� + �̅� 

By performing this mathematical operation, a new tensor, called Reynolds stress tensor, appears in the non-

linear convective term of the momentum equations: 

𝜏𝑖𝑗
′ = 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅  

This tensor represents the turbulence fluctuations effects on the mean flow. Since 𝜌𝑢𝑖
′ℎ0

′̅̅ ̅̅ ̅̅ ≠ 0, an additional 

term compares in the energy equation too. This vector describes the increase in heat flux due to the 

turbulence. All these terms are unknown and they must be modelled with the turbulence closure problem. 

Most common turbulence models use the Boussinesq hypothesis, which assumes an analogy between the 

microscopic behaviour of molecules and the macroscopic behaviour of vortices. Thus, introducing the 

turbulent viscosity 𝜇𝑡, the Reynolds stress tensor is modelled as proportional to the gradient of the mean 

velocity: 

𝜏𝑖𝑗
′ = 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ = 𝜇𝑡 (

𝜕𝑢�̅�

𝜕𝑥𝑗

+
𝜕𝑢�̅�

𝜕𝑥𝑖

) 

Turbulent viscosity is not a physical property of the fluid, but it is a result of modelling the effects of 

turbulence on the mean flow field. Several RANS models are available in literature. The two-equation models 

represent a good compromise between the computational efforts and accuracy. In these models, the 

turbulent viscosity is calculated as function of two scalars, that are 𝑘 and either 휀 or the specific turbulence 

dissipation rate 𝜔 = 휀
𝑘⁄ . Thus, two transport equations are solved in order to evaluate these scalars. 

In this thesis, two different versions of the 𝑘 − 휀 turbulence closure model were adopted: Realizable 𝑘 − 휀 

model for flushing simulations and 𝑘 − 휀 RNG for the engine simulations. These models will be presented in 

next paragraphs. 

2.2.2 - The standard 𝒌 − 𝜺 model 

The 𝑘 − 휀 model is a two equations model, in which a transport equation is solved for 𝑘 and another for 휀, 

in order to evaluate the turbulent viscosity, using the following closure equation: 
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𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

휀
 

Where 𝐶𝜇 is a dimensionless constant, 𝑘 is the turbulent kinetic energy and 휀 is the dissipation rate of 

turbulent kinetic energy. The transport equations for 𝑘 and 휀 are: 

𝜕𝜌𝑘

𝜕𝑡
+

𝜕𝜌𝑘𝑢𝑖

𝜕𝑥𝑖

= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕

𝜕𝑥𝑗

[(
𝜇 + 𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] + 𝑃𝑘 − 𝜌휀 

𝜕𝜌휀

𝜕𝑡
+

𝜕𝜌휀𝑢𝑖

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕휀

𝜕𝑥𝑗

] + 𝐶𝜀1𝑃𝑘

휀

𝑘
− 𝜌𝐶𝜀2

휀2

𝑘
 

Where 𝜎𝑘 , 𝜎𝜀, 𝐶𝜀1, 𝐶𝜀2 are the model constants and 𝑃𝑘 is the production term of turbulent kinetic energy. The 

typical values of the model constant parameters are summarized in Table 2-1. 

Parameter Value [-] 

𝐶𝜇 0.09 

𝜎𝑘 1.00 

𝜎𝜀 1.30 

𝐶𝜀1 1.44 

𝐶𝜀2 1.92 

Table 2-1. Standard 𝒌 − 𝜺 model constants. 

2.2.3 - The Realizable 𝒌 − 𝜺 model 

In some simulations with high strain rate, standard 𝑘 − 휀 model can produce negative values for turbulent 

kinetic energy. The Realizable 𝑘 − 휀 model ensure the non-negativity of turbulent normal stresses. Thus, the 

transport equation for turbulence dissipation is derived from an exact equation for the transport of the 

mean-square vorticity fluctuation, resulting as follows: 

𝜕𝜌휀

𝜕𝑡
+

𝜕𝜌휀𝑢𝑗

𝜕𝑥𝑗

=
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕휀

𝜕𝑥𝑗

] + 𝜌𝐶1𝑆휀 − 𝜌𝐶2

휀2

𝑘 + √𝜐휀
+ 𝐶1𝜀

휀

𝑘
𝐶3𝜀𝑃𝑏 + 𝑆𝜀 

Where: 

𝐶1 = max [0.43,
𝜂

𝜂 + 5
] 

𝜂 = 𝑆
𝑘

휀
 

And 𝑆 is the main strain rate. Furthermore, the model constant 𝐶𝜇 for the Realizable model varies as a 

function of turbulent kinetic energy, dissipation of turbulent kinetic energy and friction velocity: 
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𝐶𝜇 =
1

𝐴0 + 𝐴𝑠
𝑘𝑈∗

휀

 

Where 𝐴0 and 𝐴𝑠 are model constants and 𝑈∗ is the friction velocity. 

2.2.4 - The RNG 𝒌 − 𝜺 model 

The RNG 𝑘 − 휀 model was developed by Yakhot et al. [42] to renormalize the Navier-Stokes equations and 

to take into account for the effects of smaller scales of motion. The turbulent viscosity is calculated in the 

same manner as with the standard 𝑘 − 휀 model. The transport equation for turbulent kinetic energy is 

unchanged too.  The transport equation for the dissipation of turbulent kinetic energy is given by: 

𝜕𝜌휀

𝜕𝑡
+

𝜕𝜌휀𝑢𝑖

𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕휀

𝜕𝑥𝑗

] + 𝐶𝜀1𝑃𝑘

휀

𝑘
− 𝜌𝐶𝜀2

∗
휀2

𝑘
 

Where: 

𝐶𝜀2
∗ = 𝐶𝜀2 +

𝐶𝜇𝜂3(1 −
𝜂

𝜂0
⁄ )

1 + 𝛽𝜂3
 

𝜂 = 𝑆
𝑘

휀
 

And 𝑆 is the mean strain rate tensor. Table 2-2 shows the typical values of the model constant parameters. 

Parameter Value [-] 

𝐶𝜇 0.0845 

𝜎𝑘 0.7194 

𝜎𝜀 0.7194 

𝐶𝜀1 1.42 

𝐶𝜀2 1.68 

𝜂0 4.38 

𝛽 0.012 

Table 2-2. RNG 𝒌 − 𝜺 model constants.
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3 - Combustion 

Combustion is a thermo-chemical process in which fuel and oxidizer react to generate heat, which can be 

converted into power. Combustion also produces pollutants such as oxides of nitrogen (NOx), soot and 

unburnt hydrocarbons (HC). This process is affected by several variable: 

 reactant's physical properties; 

 reactant’s chemical properties; 

 flow conditions. 

The combustion process can be divided in terms of mixing: 

 premixed combustion: the mixing between fuel and oxidizer is performed before combustion. This 

generates a flame front that propagates in a mixture of fresh reactants. This is typical of spark ignition 

engine; 

 non-premixed (or diffusion) combustion: fuel and oxidizer are not mixed before they enter the 

combustion chamber. Fuel and oxidizer diffuse towards the reaction zone where they burn. A diffusion 

flame does not exhibit a reference speed because the flame is unable to propagate towards fuel due to 

the lack of oxidizer. On the contrary, the flame cannot propagate towards the oxidizer due to the lack 

of fuel. 

Furthermore, depending on the flow conditions, two different types of combustion can be observed: 

 laminar combustion: flame propagation requires thermal conduction and thermal diffusion of species; 

this application is almost limited to candles, lighters and domestic furnaces; 

 turbulent combustion: turbulent mixing enhances molecular processes; this particular combustion is 

encountered in most of practical combustion systems, such as internal combustion or aircraft engines. 

Turbulence plays a crucial role in combustion process, modifying the flame front, the burning rate and, thus, 

the heat release and pollutant emissions. Turbulent combustion is a consequence of a two-way interaction 

between turbulence and chemistry: 

 Turbulence is modified by combustion due to the strong accelerations through the flame front induced 

by heat release; 

 Turbulence modifies the flame structure, which can increase the chemical reaction or inhibit it, leading 

to the flame quenching. 

Thus, numerical simulations of turbulent combustion process are difficult to handle and they remain a 

complex topic. In a SI engine, the combustion process depends on the flow field characteristics at the spark 

time. Studying the combustion phenomena means studying the equivalence ratio, turbulence intensity, 

mixing process and mean flow velocity inside the cylinder. Thus, a deep understanding of ignition process 
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and flame propagation is required. Considering the limitations of currently available experimental 

techniques, the computational fluid dynamics (CFD) is becoming a very important tool in order to obtain a 

deep understanding of combustion phenomena. Since the engine studied in this work is a PFI, fuel and 

oxidizer entering in the cylinder are considered well mixed. Thus, only the premixed combustion flame will 

be discussed in next chapters. At first, the combustion process in a spark ignition engine is presented. Later, 

the fundamentals of combustion are discussed, presenting the combustion regimes for premixed flames and 

the numerical models adopted to simulate the combustion process in this thesis. 

3.1 - Spark Ignition (SI) combustion engine 

In internal combustion engines, the flow is always turbulent inside the cylinder. In conventional spark ignition 

engines, fuel and oxidizer are well mixed by turbulence for a sufficiently long period before the spark plug. 

The electrical energy from ionizes the mixture increasing its temperature. The heat released from spark to 

the gas allows the chemical reactions to initiate, generating a flame kernel that grows at first by laminar 

(flame incubation phase) and, after a short time, by turbulent flame propagation (turbulent combustion 

phase). During the first phase, the combustion process is mainly affected by the physical and chemical 

properties of the mixture, since the process is just started. The main phase is the second one. A turbulent 

flame front is established and it propagates through the combustion chamber, leading to a rapid mixture 

burning. Finally, the flame front reaches the wall of the combustion chamber and stops (burnout phase). The 

heat released by mixture burning, together with the volume variations caused by piston motion, causes the 

in-cylinder pressure variations shown in Figure 3-1. 
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Figure 3-1. Evolution of the in-cylinder pressure in a SI engine during combustion. 

3.2 - Governing equations for reacting flows 

When the reacting flows are considered, some differences must be taken into account respect to the non-

reacting flow [43-46]. A reacting gas is a non-isothermal mixture of multiple species, each with their own 

thermodynamic properties, which must be tracked individually. Furthermore, heat capacities change 

significantly since the temperature and composition of the mixture varying during combustion. Moreover, 

combustion phenomena imply multiple species reacting through multiple chemical reactions. Each species 

is characterized by their own mass fractions. The mass fraction 𝑌𝑘 of the species 𝑘 is defined by: 

 𝑌𝑘 =
𝑚𝑘

𝑚
 

Where 𝑚𝑘 is the mass of species 𝑘. The mass fractions 𝑌𝑘 of the N reacting species must be considering 

together with the continuity equation, the momentum equation and the energy equation. Thus, reacting 

cases require solving for (𝑁 − 1) + 5 variables, since the closure for the last reacting species is obtained as 

the complement to unity of the other species. Total mass conservation equation is unchanged compared to 

non-reacting case, since combustion does not generate mass: 

𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑢𝑖

𝜕𝑥𝑖

= 0 

The mass conservation equation for species 𝑘 is written as follow: 
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𝜕𝜌𝑌𝑘

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

[𝜌(𝑢𝑖 + 𝑉𝑘,𝑖)𝑌𝑘] = �̇�𝑘 , 𝑓𝑜𝑟 𝑘 = 1, 𝑁 

𝑉𝑘,𝑖 is the 𝑖-component of the diffusion velocity of species 𝑘 and �̇�𝑘 is the reaction rate of species 𝑘. 

The momentum equation is the same in reacting and non-reacting flows: 

𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕𝜌𝑢𝑖𝑢𝑗

𝜕𝑥𝑖

= −
𝜕𝑝

𝜕𝑥𝑖

+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑖

+ 𝜌 ∑ 𝑌𝑘𝑓𝑘,𝑗

𝑁

𝑘=1

 

Where 𝑓𝑘,𝑗 is the volume force acting on species 𝑘 in direction 𝑗. Notwithstanding the momentum equations 

are the same with or without combustion, the flow behaviour is very different. In fact, in reacting flows, 

temperature varies in a ratio from 1:8 to 1:10, causing strongly variation in density and dynamic viscosity. 

Multiple forms exist for the energy conservation equation. Starting from the conservation equation for total 

energy and introducing the relation between total enthalpy and total energy (ℎ𝑡 = 𝑒𝑡 +
𝑝

𝜌⁄ ), the energy 

conservation equation can be written as follows: 

𝜕𝜌ℎ𝑡

𝜕𝑡
+

𝜕𝜌𝑢𝑖ℎ𝑡

𝜕𝑥𝑖

=
𝜕𝑝

𝜕𝑡
−

𝜕𝑞𝑖

𝜕𝑡
+

𝜕𝜏𝑖𝑗𝑢𝑖

𝜕𝑥𝑗

+ �̇� + 𝜌 ∑ 𝑌𝑘𝑓𝑘,𝑗

𝑁

𝑘=1

(𝑢𝑖 + 𝑉𝑘,𝑖) 

Where: 

 𝑞𝑖 is the energy flux, which consists of heat diffusion term expressed by Fourier’s law and a diffusion term 

related to the diffusion of species with different enthalpies; 

  �̇� is a heat source term (for example an electric spark); 

 𝜌 ∑ 𝑌𝑘𝑓𝑘,𝑗
𝑁
𝑘=1 (𝑢𝑖 + 𝑉𝑘,𝑖) is the power produces by volume force 𝑓𝑘 on species 𝑘. 

3.3 - Turbulent premixed flames 

In premixed combustion, fuel and oxidizer are mixed before entering in the combustion chamber. Once a 

heat source is applied, the flame front propagates through the mixture. The most important quantity in 

premixed combustion is the velocity at which the flame front propagates. This velocity is called the laminar 

burning velocity and it depends on the fuel-to-air ratio, the temperature of the fresh mixture and pressure.  

The main effect of turbulence on combustion is to increase the combustion rate. In a turbulent premixed 

flames, the flame front interacts with turbulent eddies leading to an increase of the mass consumption rate 

[47-51]. The turbulence effects occur at different scales ranging from the smallest, the Kolmogorov length 

scale 𝜂𝑘, to the largest one, the integral length scale 𝑙𝑡. In order to evaluate which turbulent eddies are the 

most relevant in controlling the flame structure, some parameters must be introduced. The Damköhler 

number compares the integral time scale 𝜏𝑡, which depends on the turbulent flow field, and a chemical time 

scale 𝜏𝑐 , which depends on the flame type: 
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𝐷𝑎 =
𝜏𝑡

𝜏𝑐

 

For a premixed flame, 𝜏𝑐 corresponds to the time required by the flame front to propagate over a distance 

𝛿𝑙 and it can be defined as follow: 

𝜏𝑐 =
𝛿𝑙

𝑠𝑙

 

Where 𝛿𝑙 is the flame front thickness and 𝑠𝑙 is the velocity of the flame front. Thus, it can be written: 

𝐷𝑎 =

𝑙𝑡
𝑢′⁄

𝛿𝑙
𝑠𝑙

⁄
 

The Karlovitz number compares the chemical time scale and the Kolmogorov time: 

𝐾𝑎 =
𝜏𝑐

𝜏𝑘

=

𝛿𝑙
𝑠𝑙

⁄

𝜂𝑘
𝑢′(𝜂𝑘)⁄

 

The turbulence Reynolds number based on the integral length scale is defined as: 

𝑅𝑒𝑡 =
𝑢′𝑙𝑡

𝜈
=

𝑢′𝑙𝑡

𝑠𝑙𝛿𝑙

 

Thus, the following relationship can be written: 

𝑅𝑒𝑡 = 𝐷𝑎2𝐾𝑎2 

Different extreme cases can be introduced: 

 for large values of Damköhler number (𝐷𝑎 ≫ 1), the integral time scale is greater than chemical time 

scale; the turbulent mixing is slower than chemical reactions and the length scales of turbulent eddies 

are greater than the flame front thickness; as a consequence, turbulence generates a wrinkled flame, 

which maintains a laminar structure; 

 for small values of Damköhler number (𝐷𝑎 ≪ 1), the integral time scale is shorter than the chemical time 

scale; this is the so-called “Perfectly Stirred Reactor” (PSR), in which reactants and products are mixed in 

a time shorter than the chemical time; turbulent eddies are smaller than the flame front thickness, 

causing a thickening of the flame front. 

All the turbulent premixed flame regimes can be represented in the Borghi-Peters diagram. Figure 3-2 

reports the modified combustion regimes proposed by Peters, for turbulent premixed flame. When 𝐾𝑎 < 1 

(flamelet regime), turbulent time scales are greater than chemical time scale, the flame front is thin and there 

is a clear separation between fresh and burnt gases. Internal combustion engines typically works with 𝐾𝑎 

close to unity. When 1 < 𝐾𝑎 < 100 (thickened-wrinkled flame), the turbulent eddies are able to modify the 

flame structure, since their length scales are similar to the flame front thickness. When 𝐾𝑎 > 100, the 
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characteristic time scales are smaller than the chemical reaction times. Here, laminar structures can no longer 

be observed. 

 

Figure 3-2. Modified combustion diagram proposed by Peters: combustion regimes are identified in 

terms of length and velocity ratios (log-log scale). 

3.4 - RANS approach for turbulent premixed flames 

Starting from balance equations for mass, species, momentum and enthalpy, balance equations for the mean 

quantities in RANS approach can be obtained: 

𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0 

𝜕(𝜌𝑌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑌𝑘)

𝜕𝑥𝑖

= −
𝜕(𝑉𝑘,𝑖𝑌𝑘)

𝜕𝑥𝑖

+ �̇�𝑘 

𝜕𝜌𝑢𝑖

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑖

= −
𝜕𝑝

𝜕𝑥𝑗

+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑖

 

𝜕(𝜌ℎ𝑠)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖ℎ𝑠)

𝜕𝑥𝑖

= �̇�𝑇 +
𝐷𝑝

𝐷𝑡
+

𝜕

𝜕𝑥𝑖

(𝜆
𝜕𝑇

𝜕𝑥𝑖

) −
𝜕

𝜕𝑥𝑖

(𝜌 ∑ 𝑉𝑘,𝑖𝑌𝑘ℎ𝑠,𝑘

𝑁

𝑘=1

) + 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

 

Averaging the instantaneous balance equations introduces unclosed quantities that have to be modelled. 

Splitting the quantity 𝑓 into mean and fluctuating components and applying the Reynolds average, the 

balance equations become: 
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𝜕�̅�

𝜕𝑡
+

𝜕(�̅�𝑢�̃�)

𝜕𝑥𝑖

= 0 

𝜕(�̅�𝑌�̃�)

𝜕𝑡
+

𝜕(�̅�𝑢�̃�𝑌�̃�)

𝜕𝑥𝑖

= −
𝜕(𝑉𝑘,𝑖𝑌𝑘

̅̅ ̅̅ ̅̅ ̅ + �̅�𝑢𝑖
′′𝑌𝑘

′′̃ )

𝜕𝑥𝑖

+ �̇�𝑘
̅̅ ̅̅  

𝜕�̅�𝑢�̃�

𝜕𝑡
+

𝜕(�̅�𝑢�̃�𝑢�̃�)

𝜕𝑥𝑖

= −
𝜕�̅�

𝜕𝑥𝑗

+
𝜕(𝜏𝑖𝑗̅̅ ̅ − �̅�𝑢𝑖

′′𝑢𝑗
′′̃)

𝜕𝑥𝑖

 

𝜕(�̅�ℎ�̃�)

𝜕𝑡
+

𝜕(�̅�𝑢�̃�ℎ�̃�)

𝜕𝑥𝑖

= �̇�𝑇
̅̅ ̅̅ +

𝐷�̅�

𝐷𝑡
+

𝜕

𝜕𝑥𝑖

(𝜆
𝜕𝑇

𝜕𝑥𝑖

̅̅ ̅̅ ̅̅
− �̅�𝑢𝑖

′′ℎ𝑠
′′̃) −

𝜕

𝜕𝑥𝑖

(𝜌 ∑ 𝑉𝑘,𝑖𝑌𝑘ℎ𝑠,𝑘

𝑁

𝑘=1

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

) + 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗

̅̅ ̅̅ ̅̅ ̅̅
 

Where: 

𝐷�̅�

𝐷𝑡
=

𝜕�̅�

𝜕𝑡
+ 𝑢�̃�

𝜕�̅�

𝜕𝑥𝑖

+ 𝑢𝑖
′′

𝜕𝑝

𝜕𝑥𝑖

̅̅ ̅̅ ̅̅ ̅̅
 

From averaging operations, some unclosed terms arise: 

 Reynolds stresses (𝑢𝑖
′′𝑢𝑗

′′̃): these terms are closed by a turbulence model; 

 Species turbulent flux (�̅�𝑢𝑖
′′𝑌𝑘

′′̃ ): these terms are generally closed using the gradient assumption, so the 

species turbulent flux is proportional to the gradient of itself: 

�̅�𝑢𝑖
′′𝑌𝑘

′′̃ = −
𝜇𝑡

𝑆𝑐𝑘𝑡

𝜕𝑌�̃�

𝜕𝑥𝑖

 

Where 𝜇𝑡 is the turbulent viscosity and 𝑆𝑐𝑘𝑡 is the turbulent Schmidt number for species 𝑘; 

 Enthalpy turbulent fluxes (�̅�𝑢𝑖
′′ℎ𝑠

′′̃): these terms are closed using the gradient assumption; in turbulent 

premixed flames, this assumption may lead to some inconsistency, depending on turbulence levels. For 

low turbulence levels, the flow field is strongly affected by the acceleration of the flame front, which is 

able to impose its own dynamic on the flow field. In this case, the turbulent transport may become 

counter-gradient: 

𝜌𝑢𝑖
′′ℎ𝑠

′′̅̅ ̅̅ ̅̅ ̅̅ ̅

(
𝜕ℎ�̃�

𝜕𝑥𝑖
⁄ )

> 0 

The counter-gradient diffusion condition does not occur in non-premixed turbulent flames. In fact, non-

premixed flame does not propagate through the fresh mixture, thus, the flow field near the flame is 

dominated by the turbulent motions; 

 Species chemical mean reaction rates (�̇�𝑘
̅̅ ̅̅ ). This term is the main focus of combustion modelling. 

Two different combustion models are used in this thesis. Since it is crucial to take into account the chemical 

effects in prechamber applications, a detailed chemistry model (SAGE combustion model) is used to analyse 
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the combustion process of the engine, in both baseline and prechamber configurations. In fact, in an engine 

equipped with a prechamber, the combustion is activated by the spark plug inside the prechamber. The 

flame kernel grows and the flame front enters the cylinder through the orifices. Since the flame passage 

through the orifices is a hard topic in which there is a two-way coupling between turbulent structures and 

chemical reactions, a detailed chemistry solver is necessary in order to evaluate properly the evolution of the 

flame front and the main benefits and drawbacks that occur with prechamber. The high fidelity details of the 

CFD simulations using a detailed chemistry solver is paid with a higher computational effort. In order to verify 

the capability of a simplified approach in CFD combustion modelling, a simplified model based on the 

progress variable and the flame surface density (ECFM-3Z combustion model) is also used to perform the 

combustion process of the engine, in the baseline configuration and with the prechamber. Since this model 

does not use a reaction mechanism and since the reaction rate is modelled through semi-empirical 

correlations, the simplified combustion model may not be able to model the flame propagation properly, 

and may not be able to capture the behaviour of the flame front inside the narrows passages.  The 

aforementioned models used in this thesis will be presented in the next paragraphs. 

3.4.1 - SAGE combustion model 

Combustion is one of the most important process in internal combustion engines. During this process 

turbulence, heat transfer and chemical process interact with each other. Thus, it is fundamental to be able 

to predict the flow field inside the cylinder, the pressure and temperature fields, the species concentrations 

and pollutant emissions, in order to improve the combustion process and give suggestions at the design 

stage. It is essentials to predict the chemical processes during combustion since chemical reaction rates 

control the ignition flame, the heat release, pollutant formations and flame extinction. The SAGE model is a 

detailed chemistry combustion model available in CONVERGE CFD [52, 53]. It is the most predictive way to 

model the combustion process. Since this model takes into account the different species that participate to 

the mixture oxidation, it can be applied to premixed flames, non-premixed flames and fuel blend 

composition. In this model, the local values of pressure, temperature and mixture composition are used to 

compute the reaction rates of the chemical kinetics. Considering the oxidation of a generic fuel 𝐹 with an 

oxidizing 𝑂, which form the combustion products 𝑃: 

𝐹 + 𝑂 → 𝑃 

The rate at which the fuel is consumed can be defined by considering the rate variation in its molar 

concentration in time: 

𝜔𝑓 =
𝑑[𝑋𝑓]

𝑑𝑡
= 𝑘(𝑇)[𝑋𝑓]

𝑛
[𝑋𝑜]𝑚 

Where the exponents 𝑚 and 𝑛 define the order of the reaction and can be determined experimentally. The 

constant 𝑘(𝑇) is the global rate constant; it is typical of the reaction and, according to the Arrhenius law, it 

strongly depends on temperature: 
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𝑘(𝑇) = 𝐴𝑒−
𝐸𝑎

𝑅𝑇⁄  

Where 𝐴 is pre-exponential factor and 𝐸𝑎 is the activation energy. Actually, the fuel oxidation takes place in 

more steps, i.e. in more elementary reactions, which involve radicals and intermediate species highly reactive. 

A chemical reaction mechanism is a set of elementary reactions that describe the overall chemical reaction. 

A multi-step chemical reaction mechanism can be written as follows: 

∑ 𝜈𝑚,𝑖
′ 𝜒𝑚

𝑀

𝑚=1

⇋ ∑ 𝜈𝑚,𝑖
′′ 𝜒𝑚

𝑀

𝑚=1

 𝑓𝑜𝑟 𝑖 = 1, … , 𝑁 

Where 𝜈𝑚,𝑖
′  and 𝜈𝑚,𝑖

′′  are the stoichiometric coefficients for the reactants and products respectively, for species 

𝑚 and reaction 𝑖 and 𝑀 and 𝑁 are the total number of species and reactions respectively; 𝜒𝑚 is the chemical 

symbol for species 𝑚. The net production rate of species 𝑚 can be written in the following form: 

�̇�𝑚 = ∑ 𝜈𝑚,𝑖𝑞𝑖

𝑀

𝑚=1

 

Where: 

𝜈𝑚,𝑖 = 𝜈𝑚,𝑖
′′ − 𝜈𝑚,𝑖

′  

And 𝑞𝑖 is the rate-progress parameter of the 𝑖𝑡ℎ reaction: 

𝑞𝑖 = 𝑘𝑓,𝑖 ∏[𝑋𝑚]𝜈𝑚,𝑖
′

𝑀

𝑚=1

− 𝑘𝑟,𝑖 ∏[𝑋𝑚]𝜈𝑚,𝑖
′′

𝑀

𝑚=1

 

Where [𝑋𝑚] is the molar concentration of species 𝑚, and 𝑘𝑓,𝑖 and 𝑘𝑟,𝑖 are the forward and reverse rate 

coefficients for the reaction 𝑖. The forward rate coefficient is expressed by the Arrhenius form: 

𝑘𝑓,𝑖 = 𝐴𝑖𝑇𝛽𝑖𝑒−
𝐸𝑎,𝑖

𝑅𝑇
⁄  

The reverse rate coefficient is computed from the equilibrium 𝐾𝑐,𝑖 , which is determined from thermodynamic 

properties: 

𝐾𝑐,𝑖 = 𝐾𝑝,𝑖 (
𝑝𝑎𝑡𝑚

𝑅𝑇
)

∑ 𝜐𝑚,𝑖
𝑀
𝑚=1

 

𝐾𝑝,𝑖 = 𝑒
(

Δ𝑆𝑖
0

𝑅
−

Δ𝐻𝑖
0

𝑅𝑇
)
 

Where 𝑝𝑎𝑡𝑚 is the atmospheric pressure and S and H are entropy and enthalpy respectively. Δ refers to a 

change that occurs in passing completely from reactants to products in the 𝑖𝑡ℎ reaction: 

Δ𝑆𝑖
0

𝑅
= ∑ 𝜈𝑗𝑖

𝑆𝑗
0

𝑅

𝑁

𝑗
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Δ𝐻𝑖
0

𝑅𝑇
= ∑ 𝜈𝑗𝑖

𝐻𝑗
0

𝑅𝑇

𝑁

𝑗

 

Thus, the governing equations for mass and energy can be solved for each computational cell. The governing 

equation for mass results: 

𝑑[𝑋𝑚]

𝑑𝑡
= �̇�𝑚 

And the governing equation for energy results: 

𝑑𝑇

𝑑𝑡
=

𝑉
𝑑𝑝
𝑑𝑡

− ∑ (ℎ̅𝑚�̇�𝑚)𝑀
𝑚

∑ ([𝑋𝑚]𝑐�̅�𝑚)𝑀
𝑚

 

For a constant-volume combustion, while: 

𝑑𝑇

𝑑𝑡
=

(
�̇�
𝑉

) − ∑ (ℎ̅𝑚�̇�𝑚)𝑀
𝑚

∑ ([𝑋𝑚]𝑐�̅�𝑚)𝑀
𝑚

 

For a constant-pressure combustion, where �̇� is the heat release rate and ℎ̅𝑚 and 𝑐�̅�𝑚 are the molar specific 

enthalpy and the molar constant-pressure specific heat of species 𝑚, respectively. The above equations are 

solved for each computational cells in the domain, at each computational time-step. It is worth noting that 

temperature computed from the above equations is used only to update the rate coefficients, while the 

temperature cell is updated after the detailed chemistry calculation has converged using the computed 

species. In order to use the SAGE combustion model, a reaction mechanism file, a species-specific 

thermodynamic properties file and a molecular transport properties file are required. The mechanism used 

in this thesis for combustion modelling with SAGE consists of 41 species and 124 reactions. It is a skeletal 

kinetic mechanism for iso-octane oxidation developed for HCCI combustion [61]. 

3.4.2 - ECFM-3Z combustion model 

The 3-Zones Extended Coherent Flame Model (ECFM-3Z) is a combustion model for both premixed and 

non-premixed flames [55]. This is a simplified model, since the mean chemical source term is evaluated as 

function of two typical parameters of turbulent combustion: the progress variable and the flame surface 

density, which are computed using two different transport equations. The state of the mixture in the 

combustion chamber is represented by two variables: 

 the progress variable 𝑐, which identified the fresh gas (𝑐 = 0) or fully burnt gas (𝑐 = 1); 

 the mixture fraction 𝑧, which measure the local fuel/oxidizer ratio. 

In this model, each computational cells of the domain is divided into three different regions (Figure 3-3): 
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 the unmixed fuel zone (zone F); 

 the mixed zone, containing fuel (zone M); 

 the unmixed air plus possible residual gases (EGR) zone (zone A). 

 

Figure 3-3. Schematic of the ECFM-3Z model computational cell. 

Since the combustion process can not take place in regions A and F, it is only considered possible in region 

M. Therefore, the combustion process is modelled in this zone considering a transport equation for the 

progress variable, according to the ECFM model. Only two different states for gases are considered, the 

unburnt gas (𝑐 = 0) and the burnt gas zone (𝑐 = 1), depending on the value of the progress variable: 

𝑐 = 1 −
𝑌𝑓,𝑢

𝑌𝑇,𝑢

 

Where: 

 𝑌𝑓,𝑢 is the fuel mass fraction present in the unburnt gas; 

 𝑌𝑇,𝑢 is the fuel mass fraction before the combustion occurs.   

The progress variable is evaluated using a transport equation that can be expressed, after the Reynolds 

averaging, as follows: 

𝜕�̅��̃�

𝜕𝑡
+

𝜕(�̅��̃�𝑖�̃�)

𝜕𝑥𝑖

= −
𝜕(�̅�𝑢𝑖

′′𝑐′′̃)

𝜕𝑥𝑖

+ Ω̃𝑐 



Chapter 3 

62 

Where Ω̃𝑐 is the source term that needs to be closed. In this model, this term is expressed as a function of 

the flame surface density Σ, which measures the flame front convolutions: 

Ω̃𝑐 = �̅�𝑢𝜔𝑙Σ 

Where �̅�𝑢 is the unburnt density mixture and 𝜔𝑙 is the laminar velocity of the flame front. The flame surface 

density Σ is then evaluated using a transport equation: 

𝜕Σ

𝜕𝑡
+ ∇ ∙ (�⃗⃗�Σ) − ∇ ∙ [(𝐷 +

𝜇𝑡

𝑆𝑐𝑡

) ∇ (
Σ

𝜌
)]

= 𝛴 [𝐶𝑑𝑖𝑣𝑢

2

3
𝛻 · �⃗⃗� + 𝐶𝛼𝛤

휀

𝑘
+ 𝐶

2

3

𝜌𝑢

𝜌𝑏

𝑈𝑙𝛴
1 − 𝑐

𝑐
− 𝛽𝜔𝑙

𝛴

1 − 𝑐̅
−

2

3

1

(𝛾𝑝)

𝜕𝑝

𝜕𝑡
] + 𝑆𝑐𝑜𝑛𝑣 

Where: 

 D is the molecular diffusivity; 

 𝜌𝑏, 𝜌𝑢 are the density of burnt gases and unburnt gases respectively; 

 𝐶, 𝐶𝑑𝑖𝑣𝑢 are empirical constant to take into account the interaction between flame and wall; 

 𝛾 is the ratio between the specific heat at constant pressure and constant volume; 

 𝜇𝑡, 𝑆𝑐𝑡 are the turbulent viscosity and turbulent Schmidt number respectively; 

 𝑝 is the pressure field; 

 𝑐̅ is the mean progress variable; 

 𝛼, 𝛽 are empirical coefficients for production and consumption of the flame surface due to its interaction 

with turbulent eddies; 

 𝜔𝑙 is the laminar flame speed. 

In this model, the laminar flame speed is calculated based on the theoretical laminar flame speed, which 

depends on pressure, temperature and mixture composition, multiplied by a corrective factor to take into 

account the heat loss through the walls. 
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4 - Numerical setup 

The numerical setup of CFD simulations is described in this chapter. At first, the engine is presented, together 

with the CAD model and the fluid domain. Later, the numerical setup will be presented. In this chapter, the 

following activities will be presented: at first, the test case is presented; later the flushing simulations results 

are shown, with the boundary conditions extracted from the 1D model, and eventually, the numerical set-up 

of the combustion models for the baseline configuration are presented, together with the comparison CFD 

results against the experimental data. As explained in previous chapter, two different combustion models 

are used in this thesis. Since the goal of this work is to evaluate and analyse the performance of a 4-stroke 

engine with prechamber, a detailed chemistry solver is necessary in order to give an in-depth analysis of the 

phenomena. The combustion process involves several topics, from the aerodynamics up to chemical aspects, 

passing through the turbulent flow. These features are all coupled with each other: the flow field can affect 

combustion stretching and corrugating the flame front; turbulence can affect the combustion process 

enhancing the mixing between species or extinguishing the reactions; combustion can generate and modify 

the flow field due to the high temperature gradient across the flame front. Therefore, the use of simplified 

approaches may neglect some features, leading to erroneous conclusions. For this reason, the detailed 

chemistry solver is deemed to be more suitable for investigating the behaviour of the flame front during the 

ignition phase inside the prechamber, of the propagation through the orifices and of the flame jets affecting 

the combustion process inside the main chamber. The combustion model based on chemical reactions 

(SAGE model) was first calibrated with experimental data on the baseline engine at maximum power, and 

the numerical set-up was then validated at a different rotational speed. In order to verify the limits of using 

a simplified approach, the ECFM-3Z combustion model was also tuned against the experimental results at 

maximum power. Then, both calibrated models will be used to perform predictive simulations of the engine 

equipped with the prechamber, as will be shown in in chapter 5. 

4.1 - Test case 

The engine studied in this thesis is manufactured by Betamotor S.p.A. It is a 4-stroke engine for motorcycle 

application. It is a single cylinder engine, with four valves (two intake valves and two exhaust valves). The 

main engine data are summarized in table 4.1. 

Engine 4-stroke 

Fuel supply Port Fuel Injection (PFI) 

Fuel type Gasoline 

Number of valves 4 

Displacement 430.90 cm3 

Bore 95 mm 

Stroke 60.80 mm 
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Compression ratio 12.33 : 1 

Table 4-1 Specifications of studied engine. 

The calibration of the numerical setup and the analysis of the combustion process are performed for the 

maximum power speed at full load, since it is a critical operation point for the engine performance due to 

the high rotational speed. Figure 4.1 shows the 3D CAD model of the engine. 

 

Figure 4-1. 3D CAD model of the studied engine. 

4.2 - Flushing simulations 

The flushing simulations for intake and exhaust valves are carry out for validating the numerical setup in 

steady conditions against the experimental data. A commercial solver is used for flushing simulation, with a 

RANS approach with Realizable k-ε model for turbulence modelling. Figure 4-2 shows the valve lift for both 

intake and exhaust valves. The lift values are scaled respect to the maximum lift. 
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Figure 4-2. Valves lift. 

The fluid domain of the engine is modified in order to model the plenum. In particular, a hemisphere was 

adding at the inlet and a cylindrical control volume is added at the outlet for intake valves (Figure 4-3), while 

a hemisphere is appended at the end of the intake port for the exhaust valves simulations. The liner of the 

cylinder engine is extended in both flushing valves (Figure 4-4). 
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Figure 4-3. Fluid domain for intake flushing simulation. 

 

Figure 4-4. Fluid domain for exhaust flushing simulation. 

The mesh for flushing simulations is generated automatically generated by the solver. It is a non-structured 

mesh, with a base grid size of 5 mm for both intake and exhaust simulations. In order to resolve properly 

the flow field through the valves, a mesh refinement up to 2 mm is used inside the ports, head and cylinder, 

while a refinement up to 0.5 mm is used in the valves seat zones (Figure 4-5 a and Figure 4-6 a). Since the 

discharge coefficient may be affected by shear wall stresses, 10 prismatic layers are added near the wall. The 

first layer height is 0.015 mm for intake valves simulation (Figure 4-5 b) and 0.010 mm for exhaust valves 

simulation (Figure 4-6 b). The growth rate of prismatic layer is set to 1.3 for both flushing simulations. 
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Figure 4-5. Mesh used during intake flushing. 

 

Figure 4-6. Mesh used during exhaust flushing. 

Table 4-2 summarizes the number of elements of the mesh during the flushing simulations. 

Lift / Liftmax [-] 
Number of elements – 

intake flushing 

Number of elements – 

exhaust flushing 

0.05 2736402 2453254 

0.10 2534584 2336926 

0.20 2600340 2422925 

0.30 2747301 2544096 

0.40 2886835 2659052 

0.50 3048811 2787463 

0.60 3313164 2993084 

0.70 3797535 3139588 
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0.80 3954148 3855505 

0.90 4102395 4007781 

1.00 4160454 4172852 

Table 4-2. Number of elements during flushing simulations. 

Table 4-3 reports the boundary conditions used during the simulations. 

 Intake flushing Exhaust flushing 

|ΔPinlet/outlet| [Pa] 15000 55000 

Fluid temperature [K] 300 300 

Wall temperature Adiabatic condition Adiabatic condition 

Table 4-3. Boundary conditions for flushing simulations. 

Air is set as fluid with ideal gas assumption. Table 4-4 summarizes the air properties used for flushing 

simulations. 

Dynamic viscosity [Pa*s] 1.85508*10-5 

Molecular weight [kg/kmol] 28.9664 

Specific heat [J/kg/K] 1003.62 

Thermal conductivity [W/m/K] 0.0260305 

Turbulent Prandtl [-] 0.9 

Table 4-4. Fluid properties for flushing simulations. 

A constant reference area was used for each lift position of the valve, considering the minimum diameter of 

the valve seat. Figure 4-7 and Figure 4-8 report the comparison of the flow coefficient between CFD and 

experimental results. It can be noted that a good agreement is obtained for both flushing valves, especially 

for exhaust valves. The main differences are notable in the intake valves results. In fact, the intake port is not 

symmetric and this geometrical feature creates a flow field and turbulent eddies hard to reproduce via CFD. 

Nevertheless, the CFD flow coefficients are in accord with the experimental ones and a good agreement is 

achieved during the steady state simulations. Thus, the experimental flow coefficients are used for developing 

the 1D model. The 1D model is then calibrated against the experimental results of the manufacturer. 
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Figure 4-7. Flow coefficient of intake valves. 

 

Figure 4-8. Flow coefficient of exhaust valves. 

4.3 - Boundary conditions 

As explained before, the experimental flow coefficients are used for developing the 1D model in GT-POWER. 

The 1D model is necessary in order to extract the boundary conditions for running the 3D CFD simulations. 

The boundary conditions are the set of constraints to boundary value problems in computational fluid 

dynamics. They include inlet and outlet boundary conditions for pressure, temperature and species, and wall 

boundary conditions for temperatures of solid parts. The boundary conditions are set according to the 1D 

model built in GT-POWER. The 1D model is tuned with the experimental data. Figure 4-9 shows the 

comparison of the in-cylinder pressure between the GT-POWER model and the experimental results for the 
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revolution at maximum power. It can be noted that a very good agreement is achieved in terms of cylinder 

pressure. 

 

Figure 4-9. Comparison of in-cylinder pressure between experimental results (blue line) and 1D model 

results (red line) at maximum power. 

Figure 4-10, Figure 4-11 and Figure 4-12 report pressure and temperature at inlet and outlet extracted from 

the 1D solver and used for setting the 3D CFD simulations. 

 

Figure 4-10. Inlet pressure (blue line) and outlet pressure (red line) boundary conditions. 
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Figure 4-11. Inlet temperature boundary condition. 

 

Figure 4-12. Outlet temperature boundary condition. 

Wall temperature values are set according to the 1D model too and they are summarized in Table 4-5. 

Wall region Temperature [K] 

Cylinder 398 

Piston 562 

Head 446 

Intake port 357 

Exhaust port 384 

Intake steam valves 522 

Exhaust steam valves 644 
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Intake valves plate 564 

Exhaust valves plate 652 

Table 4-5. Wall temperatures boundary conditions for 3D CFD simulations. 

4.4 - CFD combustion results: baseline configuration 

In this paragraph, the numerical set-up for 3D CFD simulations on the baseline configuration is presented. 

The fluid domain and the mesh construction will be presented, together with the calibration of the 

combustion model and the comparison with the experimental data. As explained in previous chapter, two 

different software are used in this thesis, with two different combustion model. Since the prechamber involves 

a strong interaction between turbulence and chemistry, especially while the flame front passes through the 

orifices, a detailed chemistry solver is used. Therefore, the SAGE combustion model in CONVERGE CFD is 

calibrated with the experimental data for the baseline configuration and it is used to analyse the engine 

performance with different prechamber geometries. In order to verify the predictability of the numerical set-

up, the combustion model is then validated, comparing the CFD results at a different engine operational 

point with the experimental data. Using a detailed chemistry model to analyse the combustion process 

means a high fidelity details, but a more complexity and computational cost too. Thus, a simplified 

combustion model based on the progress variable and flame surface density is calibrated to evaluate the 

capability of a low fidelity approach in modelling the engine performance. In this chapter, only the results of 

CFD analysis of the two combustion models of the engine without prechamber, i.e. of the engine in the 

baseline configurations, are presented. The results of the engine equipped with prechamber will be 

presented in the next paragraph, together with the different geometries tested. 

4.4.1 - Detailed chemistry model: numerical set-up 

The modelling of non-conventional combustion process is a hard topic to study, since several 

thermodynamics phenomena are involved. In prechamber applications, after the flame kernel grown, the 

flame front develops and propagates inside a small volume, flows across different orifices and enters the 

main combustion chamber in the form of turbulent hot jets, which ignite the air/fuel mixture in the cylinder. 

The passage of hot flame into the narrow holes represents a challenge in CFD combustion modelling, since 

chemical kinetics interact with small turbulent eddies, which may lead to a quenching of the flame as well as 

an increase of the momentum of the jets, enhancing the transport phenomena. All of these aspects play a 

crucial role in the engine performance and the simplified combustion models, such as the models based on 

progress variable, introduce some simplifying assumptions which may lead to an under estimate of the 

engine performance and a non-correct evaluation of the real potential of this technology. Thus, considering 

and modelling the chemical effects in prechamber applications seems to be necessary in order to examine 

in depth the phenomenon and to provide useful recommendations for the manufactures. Hence, a detailed 

chemistry solver is adopted to better investigate benefits and drawbacks of the prechamber. The solver used 

for detailed chemistry combustion model is CONVERGE CFD. It is developed by engine simulations experts 
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and it can be used for both ICE and non-ICE applications. CONVERGE CFD allows to simulate three 

dimensional problems, incompressible or compressible flow and transient or steady state case, as well as 

reacting and non-reacting flows, together with stationary or moving boundaries. This software automatically 

generates a Cartesian grid at run-time during simulation, according to user-defined grid control parameters, 

removing the need of a manually grid generation. A Stereo Lithography (STL) file of the geometry is required 

in order to setting up the test case. Figure 4-13 shows the fluid domain of the engine used for CFD simulations 

in CONVERGE CFD. 

 

Figure 4-13. Fluid domain for simulations in CONVERGE CFD. 

As explained in previous chapter, CONVERGE allows to simulate reacting flows using a detailed chemistry 

combustion model, namely SAGE, which is used in this thesis in order to study the performance of the engine 

with different prechamber configurations. SAGE is the most predictive and accurate way to model 

combustion process in internal combustion engines, since it accounts for the chemical kinetics, which allows 

to model the ignition phase and flame propagation properly. Furthermore, this combustion model can be 

used to model premixed flame as well as non-premixed one. Since the SAGE model considers the chemical 

reactions involved in the chemical mechanism, it is more expensive than simplified combustion model, such 

as ECFM-3Z, but it may provide more in-depth analysis of the phenomenon.  In this paragraph, the numerical 

set-up adopted for CFD simulations with CONVERGE CFD will be explained, together with the calibration 

and validation of the SAGE model on the baseline configuration engine. 

Meshing 

CONVERGE includes several options for controlling the element size during simulation: 

￭ Grid scaling: this allows to change the base grid size during simulation at a specified time by defining the 

grid scale parameter 𝑛: 
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𝑑𝑥𝑠𝑐𝑎𝑙𝑒𝑑 =
𝑑𝑥𝑏𝑎𝑠𝑒

2𝑛
 

Where 𝑑𝑥𝑏𝑎𝑠𝑒 is the base grid size and 𝑑𝑥𝑠𝑐𝑎𝑙𝑒𝑑  is the grid size after applying the scale factor. A negative 

value of the grid scale coarsen the grid, while a positive value refine the grid; the grid is unchanged if a 

value of 0 is defined. 

￭ Fixed embedding: it allows to refine the grid in specific locations of the domain, or in an entire region 

flow, by specifying an embedding scale 𝑠: 

𝑑𝑥𝑒𝑚𝑏𝑒𝑑𝑑𝑖𝑛𝑔 =
𝑑𝑥𝑏𝑎𝑠𝑒

2𝑠
 

The grid size in the rest of the domain remains unchanged. 

￭ Adaptive Mesh Refinement (AMR): this technique automatically refines the grid based on fluctuating and 

moving variables, such as temperature, velocity and species. This option is very useful for using a refine 

grid without increasing the computational cost of the simulation. The AMR estimates the magnitude of 

the sub-grid field to determine where the grid is necessary to be refined. For a scalar, the sub-grid field 

is defined as the difference between the actual field and the resolved field: 

𝜑′ = 𝜑 − �̅� 

Where 𝜑 is the actual scalar field, �̅� is the resolved scalar field and 𝜑′ is the sub-grid scalar field. The sub-

grid for any scalar can be expressed as an infinite series [56, 57]: 

𝜑′ = −𝛼𝑘

𝜕2�̅�
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+ ⋯ 

Where 𝛼𝑘 is 𝑑𝑥𝑘
2 24⁄  for a rectangular cell. Since it is not possible to handle the entire series, only the 

second-order term is used. Hence, it results: 

𝜑′ ≅ −𝛼𝑘

𝜕2�̅�

𝜕𝑥𝑘𝜕𝑥𝑘

 

A cell is refined if the absolute value of the sub-grid field is above a user-specified value. Conversely, a 

cell is released if the absolute value of the sub-grid is below the 1/5th of the user-specified value. Note 

that the above equations can be generalized for a vector field too, such as velocity. Furthermore, the 

maximum number of cells can be specified in order to limit the computational effort. 

In this thesis, in order to identify the best numerical set-up for combustion analysis, three different meshes 

are considered for the cold-flow simulations, each one characterized by different properties. Table 4-6 

reports the main properties of the three different meshes tested for the scavenging process.  

Mesh type Coarse Fine Finest 

Base grid size [m] 5*10-3 4*10-3 4*10-3 
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AMR scale based on velocity 2 2 3 

AMR scale based on temperature 4 4 4 

Embedding scale cylinder 2 2 2 

Embedding scale intake valves 4 4 4 

Embedding scale exhaust valves 4 4 4 

Wall embedding scale 2 2 2 

Table 4-6. Mesh properties for cold-flow simulations with CONVEGRE CFD. 

 The results show that there are not any major differences between the meshes, in terms of in-cylinder 

pressure and temperature, as shown in Figure 4-14 and Figure 4-15. 
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Figure 4-14. In-cylinder pressure during the cold-flow simulation with CONVERGE CFD. 

 

Figure 4-15. In-cylinder temperature during the cold-flow simulation with CONVERGE CFD. 

Conversely, some differences arise in terms of Turbulent Kinetic Energy and tumble ratio. As shown in Figure 

4-16 and Figure 4-17, TKE and tumble ratio are similar between the three meshes during the exhaust and 

overlap phases. As the intake valves open, some differences arise and the finest mesh computes greater TKE 

and tumble ratio than the others do, since the finest mesh allows to take into account smaller scale 

phenomena, reducing the filtering of the grid size. 
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Figure 4-16. In-cylinder TKE during cold-flow simulation with CONVERGE CFD. 

 

Figure 4-17. In-cylinder tumble ratio during cold-flow simulation with CONVERGE CFD. 

Since the differences in terms of TKE and tumble ratio, the finest mesh is used to carry out the CFD analysis. 

It is worth noting that, even if the refinement in the cylinder region allows to have a mesh size of 1 mm, the 

AMR based on the velocity fluctuations grants to reach a minimum cell size of 0.5 mm inside the cylinder. In 

addition, during the combustion process, the finest mesh is further refined, in order to ensure a correct 

modelling. In particular, the cylinder zone is refinement with a scale by 3 and two additional embedding are 

added in the spark-plug zone, with scale of 4 and 5 respectively, in order to model properly the ignition 

phase. Table 4-9 reports the mesh characteristics used for the non-reacting and reacting CFD analysis with 

CONVERGE CFD. 

Operation point Maximum power 
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Mesh finest 

Base grid size [m] 4.0*10-3 

Cylinder element size [m]  1.0*10-3 

Cylinder element size [m] 0.5*10-3 

Spark-plug 1 element size [m] 0.250*10-3 

Spark-plug 2 element size [m] 0.125*10-3 

AMR based on velocity element size [m] 0.5*10-3 

AMR based on temperature element size [m] 0.125*10-3 

Number of elements @TDC 4047277 

Maximum number of elements in the combustion 

chamber (@14°CA) 
5001504 

Table 4-7. Properties of the mesh used for CFD simulation in CONVERGE CFD at maximum power. 

It is worth remembering that the adaptive mesh refinement based on the temperature fluctuations allows to 

add a higher grid resolution in the whole cylinder region, with an element size of 0.125*10 -3 m, and capturing 

the flame front propagation. Figure 4-18 shows the mesh on a section near the spark plug during a 

combustion simulation. It can be noted the refinement of the grid in the cylinder zone, the two spheres of 

embedding around the spark plug and the refinement due to the AMR. 

 

Figure 4-18. Example of mesh generated during combustion simulation with CONVERGE CFD. 

A variable time-step is used for CFD simulations in CONVERGE CFD. The solver performs a number of check 

in order to determine the size of the next time-step and takes the largest value that satisfies all the limits 

imposed by the user. Since the flow field inside the combustion chamber has a strong influence on the 

combustion process, in addition to the mesh sensitivity, a time-step sensitivity analysis is carried out. In order 

to verify the goodness of numerical set-up, two different configurations are tested, changing the minimum 
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time-step adopted during the simulation. Table 4-8 reports the properties of the simulations carried out for 

the time-step analysis. 

Simulation T1 T2 

Mesh finest finest 

Minimum time-step [s] 10-6 10-8 

Table 4-8. Simulations for the time-step sensitivity with CONVERGE CFD. 

Figure 4-19 and Figure 4-20 show the evolution of in-cylinder pressure and in-cylinder temperature, 

respectively, during the intake phase and compression phase. The differences between the two simulations 

are very small, with a difference of 1.44% in term of in-cylinder temperature at the end of the compression 

phase. 

 

Figure 4-19. Evolution of the in-cylinder pressure for different time-steps, during the intake and 

compression phases (CONVERGE CFD). 
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Figure 4-20. Evolution of in-cylinder temperature for different time-steps, during the intake and 

compression phases (CONVERGE CFD). 

Even if the differences are very small, the minimum time-step of 10-8 is used for the CFD analysis with 

CONVERGE, since it is more suitable for modelling the combustion process, during which the strong 

interaction between turbulence and chemistry requires more strictly numerical settings. Table 4-9 reports 

the properties in terms of mesh and time-step adopted for CFD simulations with CONVERGE CFD. 

Mesh finest 

Minimum time-step [s] 10-8 

Maximum time-step [s] 10-6 

Maximum CFL number [-] 1 

Table 4-9. Mesh and time-step properties for CFD simulations with CONVERGE. 

Numerical models 

For the numerical simulation with the commercial code CONVERGE CFD, the turbulent flow is described by 

the time-dependent unsteady RANS equations and the RNG 𝑘 − 휀 model is used for turbulence modelling, 

since it is more appropriate for studying the Internal Combustion Engine [58-60]. The pressure velocity 

coupling is handled by PISO algorithm, with pressure-based solver. The second-order upwind numerical 

scheme is used for the spatial discretization of the governing equations and the convergence residuals are 

set to 10-5 for all the solved quantities. As explained before, SAGE detailed chemistry model is used for 

combustion modelling, with a chemical file, which consists of 41 species and 124 reactions [61]. Since the 

detailed chemistry solver takes into account the chemical kinetics, the ignition model has a key role in 

modelling the combustion process. In a typical spark discharge, voltage rises between the two electrodes 

until the electrical breakdown between the spark gap. In this first stage (breakdown phase), the mixture 

between the electrodes is ionized into plasma. This phase is followed by the arc phase, in which the plasma 
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expands due to heat conduction and diffusion. After the arc phase, the energy storage device will dump its 

energy into the discharge circuit (glow discharge phase). In CONVERGE, the engine ignition has been 

modelled like two energy sources. Since time scales in the breakdown phase are significantly smaller than 

the arc and glow phases, the source 1, which represents this first phase, acts for very few crank angle degrees. 

Furthermore, since the discharge times of arc and glow phases are similar, the source 2 represents the 

combined energy supplied during the arc and glow phases (Figure 4-21). 

 

Figure 4-21. Ignition modelling in CONVERGE CFD. 

The model requires the definition of some parameters that have to be adjust in order to calibrate the 

combustion model: 

￭ Radius sources: the radius of the energy sources are set according to the CAD model of the spark; 

￭ Shape of the sources: assuming that during the spark discharge the flame kernel grows ideally, two 

spherical energy sources are considered for modelling the ignition phase, with a diameters equal to the 

gap between the electrodes; 

￭ Energy sources: the energy provided by the sources must be specified; 

￭ Duration: the period of time in which the sources provide energy must be specified. 

 Several CFD tests are carried out varying the spark energy and duration, in order to identify how they affect 

the combustion process and to find the best configuration to reproduce the experimental data. The results 

of CFD combustion model calibration will be shown in the next paragraph. 

Materials 

CONVERGE CFD, when using the detailed chemistry model, requires a thermodynamic file and a gas file in 

which the species-specific thermodynamic properties and molecular transport properties are reported, 
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respectively. As explained before, the file species properties refer to the ones contained in the mechanism 

file. Thus, thermodynamic properties are already storage in the input files. Some differences with the actual 

mixture composition may be arise. In fact, the fuel considered in the mechanism file is iso-octane (IC8H18), 

which involves 124 reactions for its oxidation. These simplified assumptions imply different thermodynamic 

properties between the two mixtures, such as diffusion coefficients, molecular weight and LHV. Since the lack 

of information about the actual mixture composition used in the test bench, the LHV value computed by the 

solver is used for calibration the SAGE combustion model, even if its value may be not the real one. The 

equivalence ratio of the mixture is set according to the experimental data. For compressible flows, an 

equation of state is required to couple density, pressure and temperature. In CONVERGE simulation, the 

Redlich-Kwong equation of state is used to take into account variations due to the non-ideal gas behaviour. 

Table 4-10 reports the main mixture properties. 

Fuel chemical composition Iso-octane (IC8H18) 

Fuel LHV [kJ/kg] 44658.37 

Air-to-fuel ratio [-] 0.82 

Equation of state Redlich-Kwong equation 

Specific heat at constant pressure [J/kg/K]  from file 

Thermal conductivity [W/m/K] from file 

Molecular viscosity [Pa*s] from file 

Table 4-10. Species properties for CFD simulations in CONVERGE CFD. 

4.4.2 - Detailed chemistry model: combustion model calibration 

With the presented numerical set-up, the 3D CFD analysis of the engine is carried out using CONVERGE 

CFD. At first, the results of the cold-flow are presented, together with the contours of velocity during the 

scavenging process. Finally, the reacting-flow simulations results are presented, together with the 

combustion model calibration. In order to verify the predictivity of the model, the numerical same numerical 

set-up is used for CFD simulations at different engine operational point. The results with the calibrated 

combustion model at a different rotational speed will be shown and compared with the experimental one. 

Non-reacting flow results 

Since the combustion model adopted with this software is a detailed chemistry solver, it is very important 

the modelling of the scavenging process, in order to resolve properly the flow field and turbulent structures, 

which will interact with the chemical reactions and will determine the flame front propagation. In order to 

wash out the test case from the initial conditions, two revolutions of the scavenging process are necessary. 

A user-defined function (UDF) is applied during these first two revs to simulate the combustion process and 

to reduce the computational cost of the simulations and speed-up the simulations. Thus, during the first two 

cold flow simulations, the in-cylinder pressure data from experimental test bench is applied as source during 



Chapter 5 

83 

combustion process and the UDF allows to turn the species of fresh mixture (i.e. fuel, nitrogen and oxygen) 

into combustion products (i.e. nitrogen, water and carbon dioxide). After these two revolutions, the flow field 

is then used to initialize the third rev. Thus, the following results refer to the third CFD engine revolution, 

which is used to calibrate the combustion model. Figure 4-22 shows the evolution of the pressure inside the 

cylinder during the scavenging process and compression phase. The CFD results are quite accurate, 

especially during the intake phase and compression phase of the mixture. Comparing the numerical results 

with the experimental data, some differences can be noted. The CFD computes a lower in-cylinder pressure 

during the exhaust phase. The gap between the numerical and experimental results tend to decrease during 

the overlap, intake and compression phases, at the end of which an underestimate of 6% still remain. These 

differences may be caused by several factors, such as the mixture composition, which is different from the 

actual one since it is represented by a reduced chemical mechanism, and defeaturing of the CAD model, 

that is necessary in order to build a stable numerical set-up. 

 

Figure 4-22. Evolution of in-cylinder pressure during the cold flow simulation in CONVERGE CFD. 

Figure 4-23 shows the contours of fuel mass fraction during the overlap phase in CONVERGE CFD simulation, 

on a section passing through the intake valves. As soon as the intake valves open, the difference pressure 

between the cylinder and intake ports lead to a recirculation of the burnt gas from the combustion chamber 

towards the inlet (340°CA). While the exhaust valves are closing, the not perfect tuning of the dynamic effects 

ensures an amount of fuel mass to exit from the combustion chamber towards the exhaust port. 

Nevertheless, the short-circuit of the fuel is less than 2%. Figure 4-24 reports the comparison between the 

CONVERGE CFD simulation and 1D model results in term of fuel mass trapped at the end of the intake phase. 

It can be noted that the CFD results are in accord with the GT model, with a difference of roughly 0.7%, 

confirming the goodness of the CFD results. 
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Figure 4-23. Contours of fuel mass fraction during the overlap phase in CONVERGE CFD. 
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Figure 4-24. Fuel mass trapped: comparison between CONVERGE and 1D model results. 

Figure 4-25 shows the evolution of the tumble ratio inside the cylinder during the cold flow simulation. Two 

different peaks can be noted: the first, during the overlap phase, during which the intake and exhaust valves 

are both opened and the fresh mixture starts to enter the cylinder; the second, where the piston is almost at 

the BDC, due to the wave coming from the intake port. As the piston moves upwards to the TDC, the tumble 

motion gradually decays. 

 

Figure 4-25. Evolution of tumble ratio inside the cylinder during the cold flow simulation in CONVERGE 

CFD. 

Figure 4-26 shows the contours of velocity and turbulent kinetic energy inside the cylinder at the end of the 

intake phase, on a section passing through the spark plug. Observing the vector lines, the tumble motion, 

generating after the intake phase, is clearly noticeable. The highest values of turbulent kinetic energy are 
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observed where the flow coming down from the intake valves run into the recirculating flow, generating high 

levels of shear stresses. 

 

Figure 4-26. Contours of velocity (a) and TKE (b) inside the cylinder at 600°CA (CONVERGE CFD). 

It is fundamental to analyse the flow field inside the cylinder before the combustion starts, since the charge 

motions, velocity flow and turbulence structures may affect the flame front propagation. Another interesting 

view of the flow field inside the cylinder is during the compression phase, when the piston is moving towards 

the TDC (Figure 4-27). It is still present a tumble motion which evolves counter clockwise, from the intake 

valves (on the right) to the exhaust valves (on the left) and it is clearly noticeable a high TKE zone near the 

intake valves. 
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Figure 4-27. Contours of velocity (a) and TKE (b) inside the cylinder at 660°CA (CONVERGE CFD). 

Reacting flow results 

After the cold flow analysis, the combustion results are here presented. The SAGE combustion model is used 

for analysing the combustion process of the engine. As explained before, during the combustion process, a 

refinement of the mesh is done inside the cylinder and the AMR based on temperature fluctuations is used 

with a scale factor equal to 5, which allows to obtain a minimum cell size equal to 0.125 mm (see Table 4-7 

and Figure 4-18). When a detailed chemistry solver is used for combustion simulations the complexity and 

the computational effort of the topic raise (see 3.4 -). In fact, when the chemical reactions are considered, 

the reaction rates of the species are computed to simulate the ignition phase and flame front propagation. 

Conversely, when a simplified approach is used, the turbulent flame speed is modelled through semi-

empirical correlations. The increase in the computational cost due to the higher number of equations to be 

solved is balanced by the major high fidelity of the results and by the more in-depth analysis of the 

combustion process. Furthermore, when considering a chemical reaction mechanism, the mixture 

composition may be different respect to the actual air/fuel mixture used during the experiment, which may 

lead to differences in thermodynamic properties and, thus, in different combustion behaviour. Since the lack 

of information about the actual composition of the mixture, a fine tuning of turbulent combustion 

parameters is necessary in order to calibrate the combustion model according to the experimental results. 

Thus, the calibration of the model is carried out by varying the spark ignition model parameters, energy and 

duration of the sources, and a combustion model parameter, called reaction multiplier (𝑅𝑚), which is a scale 

factor for reaction rates. In addition, the effect of turbulent Schmidt number (𝑆𝑐𝑡) on combustion process is 
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evaluated to determine the correct numerical set-up for combustion modelling. The spark time is kept equal 

to the experimental data. A spherical shape is imposed for the energy sources and the radius is set according 

to the gap between the spark electrodes. As explained in previous paragraph, two energy sources are 

considered for ignition modelling: the first (S1) for modelling the breakdown phase, the second (S2) for 

modelling the arc/glow phase. An in-depth analysis is carried out in order to tune the combustion model 

and reproduce the flame propagation inside the engine during the whole process, starting from the ignition 

phase, passing through the turbulent combustion phase and up to the ending laminar phase, in which the 

flame front reach the walls and extinguishes. Several simulations are run in order to investigate the effect of 

these parameters on the process. Table 4-11 reports the characteristics that are kept constant during the 

calibration and for the whole CFD simulations carried out. 

Spark advance -33°CA 

Shape S1 sphere 

Shape S2 sphere 

Radius S1 0.6*10-3 m 

Radius S2 0.6*10-3 m 

Table 4-11. Simulation set-up for the combustion model in CONVERGE CFD. 

At first, the effects of turbulent Schmidt number on the combustion process is investigated. The turbulent 

Schmidt number is defined as the ratio between the momentum diffusivity and the mass diffusivity in a 

turbulent flow. Since it is a property of the turbulent flow, no universal value can be assumed.  Table 4-12 

reports the simulations set-up. 

TEST C1 C2 

𝑆𝑐𝑡 0.78 0.68 

Table 4-12 . Simulations set-up for testing the effect of turbulent Schmidt number. 

Figure 4-28 shows the effect of the turbulent Schmidt number in terms of in-cylinder pressure. The pressure 

curve ramps up earlier for lower turbulent Schmidt number, reaching a higher pressure peak. In fact, the 

lower turbulent Schmidt number the higher turbulent mixing inside the combustion chamber and this leads 

to a faster combustion process. 
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Figure 4-28. Effect of the turbulent Schmidt number on the in-cylinder pressure during the combustion. 

Table 4-13 reports the simulations set-up for verifying the effect of the reaction multiplier on the combustion 

process. The reaction multiplier is a scaling factor of reaction rates in the combustion model. Since the 

chemical mechanism file is a reduced one, some simplifications are done by not considering several species 

and reactions which occur in the actual oxidation process. Thus, an investigation on the effect of the reaction 

multiplier on combustion is needed in order to tune the numerical model. 

TEST C3 C4 

𝑅𝑚 1 1.1 

Table 4-13. Simulations set-up for testing the effect of reaction multiplier. 

Figure 4-29 shows the effect of reaction multiplier in terms of in-cylinder pressure. As explained before, the 

reaction multiplier is a combustion model parameter and it acts a scale factor on the reaction rates of the 

mechanism. Since the lack of information on the actual composition of the mixture, this scaling allows to 

tune the energy released by the CFD model during the combustion process. Thus, higher the reaction 

multiplier higher the in-cylinder pressure and higher the energy released during combustion, as shown in 

Figure 4-29. 
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Figure 4-29. Effect of reaction multiplier on the in-cylinder pressure during combustion. 

Table 4-14 reports the simulations set-up for verifying the effect of the duration of the sources on the 

combustion process. T1 refers to the first source applied by the ignition modelling, while T2 refers to the 

second one. 

TEST C5 C6 

T1 [CA] 0.5 0.5 

T2 [CA] 20 25 

Table 4-14. Simulations set-up for testing the effect of the duration of the sources. 

Figure 4-30 shows the evolution of the pressure inside the combustion chamber varying the duration of the 

energy sources. It can be noted that, increasing the crank angle degrees in which the sources are active leads 

to a higher pressure inside the cylinder. In fact, higher the duration higher the power released by the ignition 

modelling and, thus, faster the combustion process. It is worth noting that a further investigation is carried 

out by varying the duration of the first source applied by the ignition model. The effect of varying the first 

source duration on combustion process is the same: increasing the duration means increasing the power 

introduced in the fluid domain, producing a faster combustion process and higher in-cylinder pressure. 
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Figure 4-30. Effect of sources duration on in-cylinder pressure during combustion. 

Finally, the effects of the energy released by the sources is investigated. Table 4-15 reports the simulations 

set-up. E1 value refers to the energy released by the first source, while E2 refers to the second one. 

TEST C7 C8 

E1 [J] 0.020 0.025 

E2 [J] 0.020 0.025 

Table 4-15. Simulations set-up for testing the effect of energy sources on combustion process. 

Figure 4-31 shows the effect of the energy sources on the pressure inside the cylinder. Similar to the effect 

of the duration of the sources, increasing the energy released ensures a faster combustion process, since the 

power introduced into the domain is greater. This is responsible for the higher calculated pressure inside the 

combustion chamber. A further analysis is carried out by varying the energy of the first sources acting during 

the ignition phase. Since its duration is very short, the effect of the energy released is much less evident than 

the effect produced by the second source. 



Chapter 5 

92 

 

Figure 4-31. Effect of energy sources on in-cylinder pressure during combustion. 

After investigated the ignition model and combustion model parameters and their effects on the combustion 

process, these numerical characteristics are changed for reproducing the experimental data provided by the 

manufacturer. Figure 4-32 shows the in-cylinder pressure during combustion for the calibrated model, 

compared to the experimental data. A very good agreement is achieved, especially during the ignition phase 

and turbulent phase. A slightly overprediction of the CFD peak pressure can be noted: the difference between 

the numerical data and experimental measurement is less than 1% and the position of the peak is computed 

at same crank angle of the experimental one. CFD model tends to overestimate the pressure value during 

the last phase of the combustion. In this phase, the flame front has already reached the walls and the flame 

goes towards the quenching. During this last part of the combustion process, wall temperatures values and 

fuel LHV may affect the CFD results, as well as some differences in the geometrical model due to the 

defeaturing operation. Nevertheless, the in-cylinder pressure is well represented and the numerical set-up is 

suitable to analyse the combustion process of the engine. 
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Figure 4-32. Evolution of the in-cylinder pressure for the calibrated model at maximum power 

(CONVERGE CFD), compared to the experimental data. 

Figure 4-33 shows the evolution of the burned mass fraction for the calibrated model, compared to the 

experimental data. A good accuracy is achieved, especially during the turbulent combustion phase, which is 

represented by the middle of the curve, from 10% to 70% of burned air/fuel mixture. 

 

Figure 4-33. Evolution of the burned mass fraction for the calibrated combustion model (CONVERGE 

CFD) at maximum power, compared to the experimental one. 

It is worth noting the interaction between flow field, turbulence and flame. Figure 4-34 shows the TKE and 

flow field inside the cylinder before the spark time. As observed during the compression phase (Figure 4-27), 

the flow field inside the cylinder establishes a clockwise recirculation, from the intake valves towards to the 

exhaust side. Furthermore, a high TKE zone is present on the intake side of the combustion chamber. 
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Figure 4-34. Contour of TKE and velocity vectors inside the cylinder at -40°CA on a section passing 

through the spark plug. 

These two phenomena both affect the combustion process, but in sequence, depending on the phase it is. 

Figure 4-35 shows the contour of TKE inside the cylinder and the contour of temperature during at different 

piston positions, during the combustion process. It can be noted that, during the ignition phase, the flame 

kernel is mainly affected by the tumble motion inside the cylinder and it is stretched towards the exhaust 

valves. As the flame kernel grows and the turbulent combustion phase becomes, the flame front is mainly 

affected by the turbulent kinetic energy in the combustion chamber and it tends to propagate where the 

TKE is higher. 
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Figure 4-35. Evolution of TKE (a) and flame front (b) inside the cylinder during the combustion process 

for different crank angle degrees. 

Combustion model validation 
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After the combustion model validation at maximum power, a different rotational speed is tested in order to 

verify the predictivity of the calibrated CFD model. A regime at 4000 rpm and full load is chosen and the 

boundary conditions for this operational point are set into the CFD model. Thus, the wall temperatures values 

are set according to the 1D model and the equivalence ratio is replaced, according to the experimental data. 

The finest mesh is used for this simulation and the minimum time-step is set to 10-8 s, as well as used for 

calibrating the model at maximum power. Table 4-16 summarizes the numerical set-up and boundary 

conditions used for the simulation at 4000 rpm and full load. 

Operation point 4000 rpm @full load 

Fuel iso-octane (IC8H18) 

Equivalence ratio 1.16 

Mesh finest 

Minimum time-step [s] 10-8 

Maximum time-step [s] 10-6 

Liner temperature [K] 388 

Head temperature [K] 416 

Piston temperature [K] 490 

Intake port temperature [K] 359 

Exhaust port temperature [K] 377 

Intake valves steam temperature [K] 462 

Exhaust valves steam temperature [K] 521 

Intake valves plate temperature [K] 483 

Exhaust valves plate temperature [K] 526 

Table 4-16. Boundary conditions and numerical set-up for CFD simulation at 4000rpm and full load 

(CONVERGE CFD). 

The numerical procedure is the same followed for the calibration model at maximum power. Thus, two 

revolutions of the engine are run to wash out the test case from the initial conditions and to ensure a 

sufficient resolution of the turbulent structures inside the cylinder. The following results refer to the third 

revolution of the CFD simulation. Figure 4-36 shows the evolution the in-cylinder pressure during the cold 

flow simulation. Comparing the results with the experimental pressure, a very good agreement is achieved 

during the whole scavenging process. The CFD tends to underestimate the in-cylinder pressure during the 

exhaust phase, while minimum differences are noticeable during the overlap phase and intake and 

compression phases. At the end of the compression stroke, the difference between the pressure computed 

by CFD and experimental measurements is roughly 4%. 
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Figure 4-36. Evolution of in-cylinder pressure during the cold flow simulation at 4000rpm, compared to 

experimental measurements. 

Figure 4-37 show the comparison of the in-cylinder temperature between the CFD and 1D model results. It 

can be noted that the two models are in agreement, especially during the intake and compression phases, 

where the differences are very small. 

 

Figure 4-37. Evolution of in-cylinder temperature during the cold flow simulation at 4000 rpm, 

compared to the 1D model results. 

Figure 4-38 shows the comparison of the turbulent kinetic energy inside the cylinder between the two 

operational points tested. It can be noted that during the overlap phase and while the intake valves are 

opening, the TKE at 4000 rpm is higher than the one computed at maximum power, since the dynamic 

effects coming from the intake port are not perfectly tuned. Conversely, during the intake and compression 

phases, the TKE at maximum power is much higher, due to the higher turbulence generated by the high 
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rotational speed of the engine. It is important to highlight how the turbulent flow field varies at different 

engine conditions, since turbulence has a great influence on the flame front propagation. 

 

Figure 4-38. Evolution of TKE inside the cylinder: comparison between 4000 rpm and maximum power 

results. 

Figure 4-39 reports the comparison of the turbulent kinetic energy inside the cylinder between the two 

different rotational speeds simulated, for three different crank angle degrees. It can be noted that at 4000 

rpm, during the overlap phase, the flow coming from the exhaust port generates a recirculation zone near 

the exhaust valves plates while, at maximum power, the flow coming from the intake port enters with higher 

velocity and it tend to go towards the exhaust port. This dynamic behaviour generates a higher TKE zone 

inside the cylinder, which gradually decays during the intake phase, since at 4000 rpm the fresh mixture 

entering in the combustion chamber has less inertia than the one entering at maximum power. 
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Figure 4-39. Contour of TKE and vector velocity during the overlap phase: comparison between 

4000rpm (a) and maximum power (b) simulations. 

The numerical set-up for combustion modelling at 4000 rpm is the same used for the calibration at maximum 

power. Thus, the cylinder region is refined and two different embedding are activated in the spark zone, in 

order to simulate properly the ignition phase. The ignition modelling is the one used for the case at maximum 

power, except for the crank angle durations of the energy sources, which are changed according to the 

rotational speed of the engine. Figure 4-40 shows the pressure inside the cylinder during the combustion 

process. A good accuracy is achieved during the whole process, with a slightly overestimate of the in-cylinder 

pressure during the exhaust phase by the CFD. As explained before, this may be caused by several factors, 

such as the simplified reaction mechanism used for the combustion model, which introduces differences in 

thermodynamic properties between the CFD and actual mixture, and the wall temperatures values, which 

derived from the 1D model. Nevertheless, the comparison between the CFD results and experimental 

measurements confirms the robustness of the numerical set-up and the predictivity of the combustion 

model, which is able to predict very well the pressure at different rotational speed. 
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Figure 4-40. Evolution of in-cylinder pressure during combustion at 4000 rpm, compared to the 

experimental measurements. 

Figure 4-41 shows the evolution of the flame front inside the cylinder for both 4000 rpm and maximum 

power CFD simulations, at different crank angles degrees. It can be noted that, during the ignition phase, 

the flame front at 4000 rpm is much less stretched than the one at maximum power and the flame tends to 

grow like a spherical shape. This behaviour is caused to the turbulent structures and fluid motion inside the 

cylinder: in fact, lower the rotational speed lower the turbulent kinetic energy, as reported in Figure 4-42. 

Thus, the flow field has less influence on the flame front propagation at 4000 rpm and turbulent motions 

tend to not modify the flame growth. 
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Figure 4-41. Evolution of the flame front inside the cylinder: comparison between 4000 rpm (a) and 

maximum power (b) combustion process. 
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Figure 4-42. Contours of TKE inside the cylinder at 680°CA: (a) 4000 rpm and (b) maximum power. 

4.4.3 - Flame surface density model: numerical set-up 

As explained before, the ECFM-3Z combustion model is also used to verify the potential of a simplified model 

in simulating the engine performance with prechamber. This simplified approach is used with a commercial 

software, in which the aforementioned model is implemented. The software used for simulation with ECFM-

3Z is different from the one used with the detailed chemistry model. For competition and licensing reasons 

between competitors, the software used for simulation with ECFM-3Z will not be declared. Figure 4-43 shows 

the fluid domain used for the CFD simulations with the software for modelling with ECFM-3Z, with the piston 

at the top dead centre. 

 

Figure 4-43. Fluid domain for 3D CFD simulations with usual software (piston at TDC). 

Meshing 

The internal combustion engines functioning is inherently unsteady, since the motion of the piston causes 

volume variations: the piston squeezes the fluid while moving from the bottom dead centre (BDC) to the top 

dead centre (TDC) during the compression phase, and expands it after the combustion phase, transferring 

energy to the crank shaft. Due to the piston motion, the shape of the fluid domain changes; thus, a dynamic 
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mesh is required, which allows the motion and deformation of its elements. The computational grid inside 

the cylinder is generated by an add-on pack that can handle the dynamic mesh during the unsteady analysis 

of internal combustion engines simulations. The mesh generated is built using the trimming method. This 

technique requires a 2D mesh that is extruded to build the 3D non-structured mesh. The base grid size of 

cells is set to 0.75 mm for the engine simulations, with a minimum cell size of 0.3 mm in zones where the 

mesh is refined, like in the spark-plug zone and near the valves. The growth rate, i.e. the parameter that 

handles the change dimension between adjacent cells, is set to 1.1. After defining the 2D mesh properties, 

the computational two-dimensional template is extruded by 0.57 mm to obtain the 3D mesh for the cylinder 

and valves zone (Figure 4-44). 

 

Figure 4-44. 3D computational grid inside the cylinder for CFD simulation with flame surface density 

model. 

The computational grid inside the intake and exhaust ports is then coupled to the one generated for the 

cylinder region. The fluid domain referring to ports is shown in Figure 4-45 and the base grid size in the 

ports is set to 1 mm.  
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Figure 4-45. Fluid domain for meshing intake and exhaust ports for CFD simulation with flame surface 

density model. 

The different grids are coupled through an interface, called stub, which ensures the continuity between the 

ports and the cylinder during the CFD simulations. After coupling the ports mesh with the cylinder one, the 

computational grid for the whole fluid domain is obtained. Figure 4-46 shows the mesh of the engine with 

piston at the TDC on two different sections, one passing through the spark plug (a) and one passing through 

the valves (b). 

 

Figure 4-46. Computational grid for CFD simulations with flame surface density model: (a) section 

passing through spark plug; (b) section passing through the valves. 

Table 4-17 summarizes the number of cells during CFD simulations. 

Total cells number 2229083 

Cells number @BDC 1814352 

Cells number @TDC 913963 
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Table 4-17. Mesh properties for CFD simulations with flame surface density model. 

Numerical models 

Unsteady RANS (U-RANS) simulations are carried out to analyse the combustion process of the tested engine 

and the RNG 𝑘 − 휀 model is used for turbulence modelling. The pressure velocity coupling is handled by 

PISO algorithm. The time step is set to 0.1° for the whole simulation, except for combustion phase and 

opening/closing valves, during which the time step is set to 0.05°. The second order central difference 

numerical scheme is used for the spatial discretization of the continuity equation, while the MARS (Monotone 

Advection and Reconstruction Scheme) is used for all the other equations. The GruMO-UniMORE model is 

used for wall heat transfer modelling inside the cylinder during the CFD simulations. In this approach, the 

Prandtl number is considered as a constant in space but not in time [62]. Thus, in the internal zone of the 

boundary layer, it is recomputed every time step for each near wall cell according to the thermodynamic 

values of the fluid, i.e. specific heat, thermal conductivity and dynamic viscosity. As explained in previous 

chapter, the ECFM-3Z is used as combustion model. The Imposed Stretch Spark Ignition Model (ISSIM) is 

used for modelling the ignition phase [63]. It is a Eulerian spark-ignition model for 3D RANS simulations of 

internal combustion engine applications, in which a simplified inductive electrical scheme is used to simulate 

the spark plug and model the flame kernel growth. The model provides an amount of energy to the fluid, 

which leads to an increase of temperature and laminar flame speed. Thus, the laminar flame speed is 

modified to take into account the effect of the energy released by the spark plug to the gas. Table 4-18 

summarizes the ignition parameters of ISSIM model used to simulate the ignition phase. 

X-spark plug [mm] -5.30 

Y-spark plug [mm] 1.392 

Z-spark plug [mm] 1.125 

Energy [J] 0.05 

Inductance [H] 10 

Resistance [Ω] 5000 

Table 4-18. Characteristic of ISSIM model. 

Materials 

Since the test case is a port fuel injection engine, the air/fuel mixture is considered homogeneous: thus, the 

injection phase is not modelled and the combustion is considered purely premixed. The fuel is modelled as 

gasoline and the equivalence ratio of the mixture is set from experimental data. Since the lack of data on 

actual fuel used for experimental tests, the thermodynamic properties of the mixture are set based on 

previous experiences with the commercial software. Table 4-19 summarizes the mixture properties used with 

for the simplified approach. 

Fuel chemical composition C7.4H13.2 
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Fuel LHV [kJ/kg] 43277.8 

Equivalence ratio 1.213 

Density Ideal gas 

Molecular weight [kg/kmol] 28.96 

Specific heat at constant pressure [J/kg/K]  Polynomial 

Thermal conductivity [W/m/K] Polynomial 

Molecular viscosity [Pa*s] Sutherland 

Table 4-19. Air/fuel mixture properties for the simplified approach. 

4.4.4 - Flame surface density model: combustion model calibration 

With the presented setup, the 3D CFD simulation of the engine is carried out in order to calibrate the 

combustion model. At first, the results of the cold-flow are presented, in order to analyse the flow field before 

the combustion starts. Contours of velocity, together with velocity vectors, are presented during the 

scavenging process and the results are compared to the experimental data and 1D model. The tumble 

motion inside the cylinder is also described, in order to provide a larger comprehension of the flow field 

inside the engine. Finally, the reacting-flow simulations results are presented, together with the combustion 

model calibration. The CFD in-cylinder pressure is compared to the experimental results and the contours of 

progress variable and turbulent kinetic energy are shown for a visualization and understanding of the 

combustion process. 

Non-reacting flow results 

The simulations start before the opening of the exhaust valves, in order to model the entire exhaust phase 

properly. Figure 4-47 shows the evolution of the pressure inside the cylinder during the cold-flow. The results 

of the CFD simulation are quite accurate, especially during the exhaust and compression phases. It can be 

noted that the CFD in-cylinder pressure is under predict during the overlap phase respect to the experimental 

data, with calculated values differing from the experimental ones by 15% at most. Furthermore, a slightly 

under predict of in-cylinder pressure can be observed at the end of the compression phase, with a difference 

between the CFD data and experimental one of 7%. Nonetheless, concluding that CFD results are inaccurate 

would be inappropriate, since CFD calculations are based on some assumptions that simplify the flow 

modelling such as the ideal gas assumption for the air/fuel mixture. Lastly, the experimental values are 

obtained through a sensor that measures the in-cylinder pressure relative to a reference value, which 

corresponds to the absolute pressure inside the cylinder at the valve overlap and which is assumed equal to 

the atmospheric pressure. 
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Figure 4-47. Evolution of the in-cylinder pressure for the cold-flow simulation, compared to the 

experimental data. 

Figure 4-48 shows the exhaust gas recirculation (EGR) contour and the flow field on a section passing 

through the valves, during the overlap phase. Since the CFD analysis is performed at the maximum power, 

the thermodynamic effects are not tuned: as the intake valve opens, the in-cylinder pressure is greater than 

the pressure in the intake port and a small amount of burnt gases is pushed towards to the inlet. Furthermore, 

after the exhaust valves closing, a small amount of burnt gases is still remained inside the cylinder, due to 

the not perfect tuning of the exhaust dynamic effects. Nevertheless, the amount of burnt gases trapped in 

the cylinder after the exhaust phase is 1.17%, testifying the well scavenging process despite the high rotational 

speed. 
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Figure 4-48. EGR contour and flow field during the overlap phase. 

The flow field inside the cylinder during the compression phase is shown in Figure 4-49. The contours of 

velocity and vectors are shown on a section passing through the spark plug. The intake valves are on the 

left, while the exhaust valves are on the right. While the piston is moving towards the TDC, the tumble motion 

is clearly noticeable. This recirculation is caused by the interaction between the fresh mixture entering from 

the intake valves and the piston motion. 
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Figure 4-49. Velocity contours and vectors at 600°CA (section passing through the spark plug). 

Tumble motion can be evaluated by means of tumble ratio, i.e. the ratio of the flow angular velocity (relative 

to the axis perpendicular to the piston one) to the crankshaft rotational speed.  It is a dimensionless quantity 

and it is used to compare the flow motion inside the different engines, in order to quantify the differences 

due to geometrical features or working parameters. Figure 4-50 shows the evolution of tumble ratio inside 

the cylinder. Two different peaks can be noted: the first, during the overlap phase, during which the intake 

and exhaust valves are both opened and the fresh mixture starts to enter the cylinder; the second, where the 

piston is almost at the BDC, due to the wave coming from the intake port. As the piston moves upwards to 

the TDC, the tumble motion gradually decays. 
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Figure 4-50. Evolution of tumble ratio during the cold flow. 

Figure 4-51 reports the evolution of the mass trapped in the cylinder, comparing the 1D model and CFD 

results. The CFD results slightly overpredicted the in-cylinder mass at the end of the intake phase, respect to 

the 1D model. Nevertheless, a good agreement is achieved with the 1D model results, confirming the 

accuracy of the numerical set-up. 

 

Figure 4-51. In-cylinder mass during cold flow: comparison between 1D model (blue line) and CFD (red 

line). 

Reacting flow results 

After the cold flow analysis, the combustion results of the engine are presented. As explained before, the 

combustion model used to analyse the engine with the usual software is the ECFM-3Z, which is based on 
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the progress variable and flame surface density definition. The flame propagation is thus modelled using 

semi-empirical correlations, based on local values of pressure, temperature and equivalence ratio. Since the 

chemical reactions are not accounted for in the simplified model, its calibration is carried out by varying the 

spark advance. It is worth noting that a simplified approach based on the progress variable is not able to 

correctly model the ignition delay, since the model uses semi-empirical correlations to simulate the flame 

kernel growth and flame propagation. Thus, a sensitivity to the spark advance is needed. Figure 4-52 shows 

the pressure inside the cylinder varying the spark advance. As we can see, earlier the spark time higher the 

pressure peak inside the cylinder and earlier the combustion starts.  

 

Figure 4-52. In-cylinder pressure during combustion: spark advance sensitivity (flame surface density 

model). 

The spark advance adopted at the test bench is 687° (-33° before the top dead centre). The ECFM-3Z 

combustion model is calibrated for a spark advance equal to 683°. The evolution of the in-cylinder pressure 

during the combustion for the calibrated model is shown in Figure 4-53. The CFD calculations tend to 

underestimate the pressure values during the first phase of the combustion process, with a pressure peak 

2.3% lower than the experimental one. The CFD results show a higher in-cylinder pressure during the 

expansion phase. These differences may be caused by many factors: as explained before, the assumption of 

ideal gas may affect the compression ratio, as well as assumptions regarding the fresh mixture. Furthermore, 

the wall temperatures and thermodynamic properties of the mixture may influence the expansion regime 

too. In particular, the lower heating value has a strong influence on the energy release and expansion phase. 

Nevertheless, CFD results are satisfactory and a good agreement is achieved with the experimental data. 
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Figure 4-53. Evolution of the in-cylinder pressure for the calibrated combustion model (ECFM-3Z), 

compared to the experimental data. 

Figure 4-54 shows the comparison between CFD and experimental data of the burned mass fraction. A very 

good accuracy is achieved, especially in the middle of the curve, from 10% to 60% of burned gas mixture. 

CFD calculations tend to model a slower process, as previously observed from the in-cylinder pressure trend 

(Figure 4-53). Notwithstanding some differences, the combustion process is well represented, especially 

during the turbulent combustion phase, which is predicted with very good accuracy. 

 

Figure 4-54. Evolution of the burned mass fraction for the calibrated combustion model (ECFM-3Z), 

compared to the experimental data. 

Figure 4-55 reports the durations of the combustion process in terms of 10%-50% and 10%-90% of burned 

mass fraction. It can be noted that this simplified approach models a combustion slightly slower than the 
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experimental one: the CFD combustion process is roughly 8% longer (10-90% duration) than the 

experimental one.  

 

Figure 4-55. Duration of combustion process: comparison between ECFM-3Z and experimental results. 

Figure 4-56 shows the evolution of turbulent kinetic energy and vector velocity (a) for different crank angle 

degrees during the combustion process, together with the contour of progress variable (b). In Figure 4-56 

(b), the grey area represents the burned gases and the unburned air/fuel mixture, while the red and yellow 

areas identify the zones where the combustion is taking place. It is clearly noticeable how the combustion 

process is influenced by the flow field and how turbulent motions affects the flame front propagation. Since 

the ignition phase, the flame kernel is stretched by the flow field inside the combustion chamber. Once the 

flame kernel grown and the turbulent combustion phase begins, the flame front is faster towards the intake 

valves side, since the turbulent kinetic energy is greater than the other side, confirming that combustion 

process is enhanced by turbulence. 



Chapter 5 

114 

 

Figure 4-56. Evolution of combustion process on a section passing through the spark plug (flame 

surface density model): contours of TKE (a) and progress variable (b). 
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5 - Prechamber CFD results 

After the calibration and validation of the combustion model, the same numerical set-up is used for CFD 

simulations of the engine with prechamber. This part of the thesis is conducted in collaboration with HPE 

COXA, an industrial partnership based in Modena. At first, several geometries of prechamber are generated 

with different shape and orifices diameters. The dimensions of the prechambers tested are not provided for 

confidentiality reasons. Later, the numerical set-up of the CFD simulations with prechamber will be briefly 

explained. Finally, the results of CFD simulations of the engine equipped with prechamber will be presented. 

At the beginning, the CFD results of the first geometry tested will be shown, comparing the numerical 

solutions of the SAGE model with the flame surface density model, in order to evaluate the advantages and 

drawbacks of the two different methods. Then, the CFD results of the remaining geometries will be presented, 

using the detailed chemistry solver only, and the effects of shape and nozzles variations will be analysed. 

Since the use of the prechamber allows to ignite a lean air/fuel mixture in order to reduce the fuel 

consumption and increase the engine efficiency, a further investigation on the engine equipped with 

prechambers will be shown. This analysis is carried out by varying the air-to-fuel ratio of the mixture. The 

CFD results of the engine with prechamber are compared to the ones with baseline configuration. 

5.1 - Test case 

The prechamber combustion consists of a small volume mounted above the head of the engine, in which 

the spark plug is located. During the scavenging process, the burned gases exit the prechamber during the 

exhaust phase and the fresh mixture enters during the intake and compression phases through small orifices, 

which connect the prechamber with the main combustion chamber in the cylinder. The fresh mixture consists 

of oxidant and oxidizer in case of passive prechamber: the fuel is injected in the intake port and it is already 

pre-mixed with the air when it enters the combustion chamber. The objective of this thesis is to evaluate the 

man advantages of a passive prechamber on the 4-stroke engine and to analyse how the main geometrical 

parameters may affect the combustion process. Thus, different geometries are designed, according to the 

literature information and based on previous experience of the industrial partnership. Figure 5-1 shows a 

schematic design of the prechamber used in this thesis. All the geometries simulated are characterized by 

six cylindrical orifices, in order to encourage the scavenging process of the prechamber. The orifices are 

inclined at 75° respect to the cylinder axis to facilitate the fresh mixture filling inside the prechamber. 

Concerning the prechamber volume, high values of the prechamber volume means higher amount of fuel 

inside the prechamber. It is worth noting that the fuel burning inside the prechamber is affected by energy 

losses when the flame enters in the main chamber. Thus, the combustion in the prechamber provides a less 

contribution to work than the one occurs in the main chamber. Therefore, high values of prechamber volume 

may generate faster combustion process at the cost of a less increase in in-cylinder pressure curve. 

Conversely, small values of the prechamber volume may generate flame jets with low inertia, since the 

amount of fuel burnt is very low, frustrating the advantages of the prechamber itself. Thus, based on literature 

review (see 1.2.1 -), the volume is chosen equal to 2% of the volume of the combustion chamber. 
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Figure 5-1. Prechamber scheme. 

At first, two different prechambers are designed, namely PC1 and PC1_S. The geometrical characteristics in 

terms of volume, number of orifices and nozzles diameters are identical. They differ from each other in the 

shape of the prechamber and in the aspect ratio, i.e. the ratio between the height of the prechamber and 

the radial dimensions. The geometrical characteristics of the prechamber simulated are summarized in Table 

5-1. The actual dimensions of the tested prechambers are not provided for confidentiality reasons, therefore 

each parameter is reported in a dimensionless form, with respect to a reference value. As explained before, 

the PC1_S geometry differs from the others in the shape. In fact, it has a more shaped profile, with sharp 

edges, while the others have a fillet radius between the rod and the upper part of the prechamber, i.e. where 

the spark plug is located. Considering the thermal effects and the high temperatures on the walls of the 

prechamber, the rounded shape is to be preferred. The orifices diameter is probably the most uncertain and 

pivotal feature in the prechamber design. It affects the scavenging process of the prechamber, together with 

the fresh mixture filling: large diameters lead to a better scavenging process since the pressure drop is lower. 

Furthermore, it affects the combustion process and flame front propagation too: high value of the diameters 

may lead to a worse combustion process, since the passage area is too large for generating fast flame 

turbulent jets. Thus, in order to investigate the effect of the orifice diameter on the engine and to verify the 

optimum in terms of ratio between the overall flow passage area and volume (𝐴𝑡 𝑉𝑝𝑐⁄ ), two additional 

geometries are designed, starting from the PC1 one, by varying the orifices diameters (Table 5-1). 
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Prechamber PC1_S PC1 PC2 PC3 

Volume (%Vcc) 2 2 2 2 

Number of orifices 6 6 6 6 

A a 1.1*a 1.1*a 1.1*a 

b b b b b 

d d d 1.1*d 1.2*d 

h1 h 1.1*h 1.1*h 1.1*h 

h2 s 1.2*s 1.2*s 1.2*s 

𝛼 [°] 75 75 75 75 

AR 1.70 1.85 1.85 1.85 

𝐴𝑡 𝑉𝑝𝑐⁄  [1/m] 6.00 6.00 7.26 8.64 

Table 5-1. Geometrical properties of prechambers tested. 

The prechamber is placed where the spark plug is located in the baseline configuration. The spark plug 

mounted in the prechamber is the same of the baseline configuration. It is worth noting that the prechambers 

PC1 and PC2 are actually manufactured for experimental testing, since, as explained in next paragraphs, 

according to the CFD results, they are found to be the best configuration for the engine. At the time of 

writing this thesis, the engine prototype is being modified for carrying out the experimental activity at the 

test bench. Thus, no measurements are available for the engine with prechamber. 

5.2 - Numerical set-up 

The same numerical set-up used for calibrating the combustion model is used for the CFD simulations of 

prechamber. Thus, U-RANS simulations are carried out to analyse the combustion process of the tested 

engine and the RNG 𝑘 − 휀 model is used for turbulence modelling. The pressure velocity coupling is handled 

by PISO algorithm and the second-order upwind numerical scheme is used for the spatial discretization of 

the governing equations. The convergence residuals are set to 10-5 for all the solved quantities. The numerical 

set-up of the combustion model is the same obtained after the calibration and validation analysis. The set-

up of the mesh inside the cylinder is equal to the simulation of the baseline configuration. In addition, a 

refinement in the prechamber volume is added in order to resolve properly the flow field and turbulent 

structures. Thus, an embedding with scale 4 is used inside the prechamber, during the cold flow simulation, 

while a scale 5 is set during the combustion process in the whole prechamber domain. It is worth noting that 

the AMR is still active, thus a minimum size of 0.125 mm is obtained inside the cylinder too during the 

combustion simulation. The boundary conditions are the same extracted from the 1D model, which are used 

for the baseline configuration. Concerning the wall temperature, an increase of roughly 30% is assumed for 

the wall temperature of the prechamber respect to the head one. This hypothesis seems to be reasonable, 

since the prechamber volume is more difficult to cool and the scavenging process is less efficient than the 

in-cylinder one: thus, residuals gases trapped in the prechamber may be produce a higher wall temperature. 
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A maximum cells number of five million is set for combustion simulations to limit the required computational 

effort of CFD tests. Table 5-2 reports the numerical set-up used for simulations with prechamber. 

Numerical simulation U-RANS 

Solver CONVERGE CFD 

Turbulence model RNG 𝑘 − 휀 

Combustion model SAGE 

Algorithm PISO 

Numerical scheme Second-order upwind 

Convergence residuals 10-5 

Mesh Finest 

Minimum time-step [s] 10-8 

CFL [-] 1 

Cell size in prechamber during cold flow [m] 0.250 

Cell size in prechamber during combustion [m] 0.125 

Maximum cells number during cold flow 2601580 

Maximum cells number during combustion 5078493 

Prechamber wall temperature [K] 580 

Table 5-2. Numerical set-up for CFD simulations with prechamber. 

Figure 5-2 shows the refinement of the fluid domain inside the cylinder and prechamber during the 

combustion simulation. 

 

Figure 5-2. Example of mesh with prechamber during combustion simulation. 

As explained in previous chapter, when using a detailed chemistry solver, it is crucial to model the interaction 

between the turbulent structures and chemical reactions. Thus, it is fundamental to resolve properly the flow 

field, which has a strong influence on the flame growth and propagation. Therefore, as already done during 

the calibration of the combustion model, two revolutions are run before to simulate the combustion process. 

The results of the combustion simulations with prechamber will be shown in next paragraphs, together with 

the flow field analysis during the scavenging process of both cylinder and prechamber. As explained before, 

the CFD results in next paragraphs refer to the third revolution of the engine. 
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5.3 - Prechamber results at maximum power 

With the presented numerical set-up, the 3D CFD analysis of the engine equipped with prechamber is carried 

out. At first, the results of the cold-flow are presented, together with the contours of velocity during the 

scavenging process for both main chamber and prechamber. In the beginning, the results of the simulation 

of the prechamber PC1_S will be presented in terms of in-cylinder pressure, pressure inside the prechamber 

and contour flame front propagation. The CFD results between the SAGE model and the ECFM-3Z model 

will be compared, analysing the flame front propagation and the pressure inside the engine during 

combustion. The comparison of the CFD results of the engine with prechamber and the baseline 

configuration will be presented too, in order to evaluate the benefits by using the prechamber.  Since the 

simplified combustion model is not able to predict the combustion process in the prechamber accurately, 

only the SAGE model is used for modelling the combustion process with the remaining prechambers 

geometries. Finally, the reacting-flow simulations results carried out with the detailed chemistry solver are 

shown, analysing the combustion process inside the prechamber and the main chamber and comparing the 

pressure curves, flame front propagation and combustion duration with the baseline results. In order to 

investigate the accuracy of the simulations, the results of the detailed chemistry solver with the first 

prechamber geometry are compared with the ones obtained using the simplified approach. Finally, the CFD 

results with the remaining prechamber geometries are analysed in order to identify the best configuration 

for the engine. 

Figure 5-3 shows the comparison in terms of pressure, during the cold flow simulation, between the baseline 

configuration and the engine with prechamber. The pressure inside the prechamber is the dashed red line. 

It can be noted that the differences between the in-cylinder pressures are minimum, sign that the 

prechamber does not affect the pressure inside the main prechamber during the scavenging process. It can 

be observed that, during the compression phase, a pressure drop between the main chamber and 

prechamber is established, due to the narrow orifices. At the end of the compression phase, the pressure 

difference between the main chamber and prechamber is roughly 1.5 bar. 
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Figure 5-3. Evolution of pressure during the overlap, intake and compression phases: comparison 

between baseline (blue line) and prechamber (red line) configuration. 

It is worth noting that the residuals mass of burnt gases trapped in the prechamber at the end of the 

compression phase is less than 2%, to reflect the goodness of the scavenging process. This is very important 

in prechamber applications, since a high amount of burnt gases around the spark plug may inhibit the 

chemical reactions, slowing the combustion process and suppressing part of the heat release. Figure 5-4 

shows the contour of turbulent kinetic energy inside the cylinder during the compression phase on a section 

passing through the spark plug, for the baseline configuration and PC1_S test case. A high TKE zone is well 

established on the intake side of the main chamber, for both simulations, but a wider area can be observed 

with prechamber. In fact, the narrow orifices introduce turbulent structures inside the cylinder and they cause 

higher values of turbulent kinetic energy. Observing the vector velocity magnitude, it can be noted the 

recirculation of the fresh mixture inside the cylinder and how the air and fuel is pushed inside the 

prechamber. 
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Figure 5-4. Contours of TKE and vectors velocity inside the cylinder at 660°CA: comparison between 

baseline and PC1_S simulations. 

Figure 5-5 shows the evolution of the tumble ratio inside the cylinder during the cold flow, for both baseline 

and prechamber simulations. Minimum differences can be noted in the tumble ratio during the exhaust and 

overlap phases between the two configurations. Conversely, as the intake valves are closing, it can be noted 

that the tumble ratio is higher for PC1_S than the baseline configuration. This means that, even if the 

prechamber does not affect the in-cylinder pressure, the turbulent structures coming from the prechamber 

generate higher tumble motion and higher turbulent kinetic energy (Figure 5-4), modifying the local flow 

field inside the combustion chamber. 
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Figure 5-5. Evolution of tumble ratio during the cold flow simulation: comparison between baseline and 

prechamber. 

After analysing the cold flow results and the flow field inside the cylinder, the combustion results are here 

presented. Figure 5-6 shows the evolution of the pressure during combustion, comparing the baseline results 

with the PC1_S ones. The red solid line refers to the in-cylinder pressure, while the dashed line refers to the 

pressure inside the prechamber. The simulation with prechamber is carried out with equal spark time of 

baseline, which is 33°CA before the TDC, deriving from the experimental data. The fresh mixture ignites 

inside the prechamber and entering in the main chamber in the form of hot flame jets. From the graph, two 

different peaks of pressure inside the prechamber can be noted: the first occurs when the fresh mixture is 

completely burnt and the flame is passing through the orifices; the second is due to the combustion inside 

the main chamber and the pressure rise inside the cylinder. Comparing the pressure curves, the engine with 

prechamber is subjected to a very high pressure: the maximum with prechamber is roughly 20 bar higher 

than the baseline configuration and it occurs 5 degrees earlier. This means that using the prechamber to 

ignite the mixture inside the cylinder produce a combustion process faster and more efficient. 
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Figure 5-6. Evolution of pressure during combustion: comparison between baseline configuration (blue 

line) and PC1_S (red line: the dashed line refers to the prechamber pressure and the solid 

line to the cylinder pressure). 

Figure 5-7 shows the specific fuel mass burnt inside the cylinder for both baseline and PC1_S simulations. It 

can be noted that, as previous explained, the combustion with prechamber is faster, especially during the 

ignition phase of the mixture inside the main chamber. In fact, as the hot flame jets enter in the cylinder 

(roughly 15 crank angle degrees before the TDC), the mixture inside the main chamber immediately ignites. 

Thus, the combustion process inside the cylinder can be considered already in the turbulent phase and the 

flame front moves forward in the main chamber, burning the remaining fresh mixture quickly. In Figure 5-8 

can be noted the gain of using the prechamber in terms of combustion duration. The two phases are 

calculated respect to the spark time and they refer to the process inside the main chamber, which is the 

phenomenon that does work on the piston surface. In PC1_S test case, even if the mixture inside the main 

chamber ignites later than the baseline configuration, the first phase of the combustion lasts less of roughly 

crank angle degrees and the speed up of the process results in a gain of roughly 20 crank angle degrees. 
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Figure 5-7. Specific fuel mass burnt inside the cylinder: comparison between baseline and PC1_S 

simulations. 

 

Figure 5-8. Duration of combustion phase inside the cylinder: comparison between the baseline and 

PC1_S simulations. 

Figure 5-9 shows the contour of temperature inside the cylinder during combustion, for baseline and PC1_S, 

at different crank angle degrees. At 20 degrees before the TDC, the hot jets are entering into the main 

chamber, while the process in the baseline configuration is still in the laminar phase and the fuel mass burnt 

is not yet at 10%. At 10 degrees before the TDC, the flame jets impinge on the piston surface and they ignite 

the fresh mixture in the main chamber. When the piston is at the TDC, the flame front in PC1_S affects 2/3 

of the combustion chamber and roughly the 50% of the fuel trapped in the cylinder has already burnt. Then, 

the flame front propagates through the squish area of the engine faster than the baseline configuration, due 

to the flame jets that enhance the turbulent flame speed. 
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Figure 5-9. Evolution of the flame front inside the cylinder on a section passing through the spark plug: 

comparison between the baseline and PC1_S simulations. 

It is worth noting that the flow field inside the main chamber affects the behaviour of the flame exiting from 

the prechamber (Figure 5-10). The hot jets coming out from the orifices on the exhaust side are pushed 

towards the piston surface because they are co-flow respect to the flow field, which enhances the flame front 

propagation. Conversely, the hot jets on the intake side are counter-flow respect to the flow field and their 

advance is hindered by the recirculation zone below the intake valves. Thus, while the hot jets on the exhaust 

side are wider and more stretched towards the piston surface, the flame jets on the intake side seems thinner 

and delayed. Nevertheless, once the fresh mixture in the main chamber is ignited by the hot flame jets 

coming from the prechamber, the higher turbulent kinetic energy on the intake side of the cylinder enhances 

the flame propagation. Thus, the flame front reaches the liner earlier on the intake side than the exhaust 

side, confirming that the prechamber allows to speed up the ignition and laminar phase of combustion and 

the flow field inside the main chamber has still a great influence on the flame front propagation. 
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Figure 5-10. Contours of TKE and velocity vectors inside the cylinder for PC1_S (section passing through 

the spark plug inside the prechamber). 

Comparison between detailed chemistry solver and flame surface density model 

After the CFD simulation of PC1_S test case with the detailed chemistry solver, the same prechamber 

geometry is tested using the flame surface density model. As explained in previous chapter, the ECFM-3Z is 

a simplified approach, based on the definition of the progress variable and flame surface density for tracking 

the rate of the burnt gases and the evolution of the flame front propagation. The closure of the reaction rate 

is based on empirical correlations and two transport equations, one for the progress variable and one for 

the flame surface density. Since the chemical reactions are not considered, the computational effort for 

combustion simulation is much less than the one requested with SAGE model, against a significant reduction 

of the level of detail of the CFD analysis. As already seen for the engine in baseline configuration, not major 
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differences are notable for cold flow simulations. As explained before, the numerical setup for simulation 

with prechamber is unchanged respect to the baseline test and the combustion model is set using the 

parameters found during the calibration. Figure 5-11 shows the comparison between the SAGE model and 

flame surface density model, in terms of pressure inside the cylinder (solid line) and prechamber (dashed 

line). It can be noted that SAGE model computed a higher pressure than the one simulated with flame surface 

density model, in both cylinder and prechamber. With the flame density model, combustion in prechamber 

occurs earlier: thus, the pressure arises in advance respect to the SAGE model. As the flame passing through 

the narrows passages and entering in the main chamber, the in-cylinder pressure computed by the detailed 

chemistry solver increases rapidly, while the one derived from the flame density model has a lower slope, 

resulting in a slower combustion process inside the main chamber (Figure 5-12). 

 

Figure 5-11. Evolution of pressure during combustion for PC1_S test case: comparison between SAGE 

model and ECFM-3Z model. 
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Figure 5-12. Burned mass fraction inside cylinder for PC1_S test case: comparison between SAGE model 

and ECFM-3Z model. 

This behaviour can be caused by the model itself. As explained in previous chapter, the flame surface density 

model does not take into account the chemical reactions during the oxidation of the fuel. This simplified 

approach does not consider the intermediate species that are formed during the combustion process. In real 

flames and in all computations using detailed chemistry model, many radicals are found within the flame 

front. These intermediate species have high chemical reactivity and allow to sustain the combustion process. 

This particular aspect is crucial in prechamber applications. The hot flame jest coming from the prechamber 

flow through narrow orifices and enter in the main chamber, mixing with a low temperature fresh mixture. 

The high gradient of temperature lead to a partially quenching of the flame, but several chemical radicals 

still remain in the mixture. A simplified model based on the definition of the progress variable and flame 

surface density model can not model this particular feature of the process. In this simplified approach, the 

reaction rate is computed through empirical correlation, based on local pressure, temperature and 

equivalence ratio of the mixture. Thus, it does not take into account for the high chemical reactivity of the 

intermediate species. Conversely, a detailed chemistry solver computes the reaction rates of every species 

specified in the chemical mechanism, taking into account for the radicals too. Thus, the SAGE model is able 

to model the effect of the low temperature of the mixture inside the main chamber on the hot flame jets 

exiting from the orifices. Consequently, the detailed chemistry model computes a faster combustion process 

than the one simulated with ECFM-3Z (Figure 5-11 and Figure 5-12). Therefore, the detailed chemistry solver 

is used for further analyses of the combustion process of the engine equipped with prechamber. It is worth 

remembering that, at the moment of writing this thesis, the bench for experimental test of the engine with 

prechamber is under construction. Thus, no experimental data are available for prechamber test case. 
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5.3.1 - Influence of the aspect ratio 

After the comparison between the two different combustion models, as explained before, the detailed 

chemistry solver is used for combustion analysis with prechamber, since it allows a more in-depth analysis 

of the process, taking into account the chemical mechanism. At first, a comparison between the two different 

shapes of the prechamber is carried out. Thus, in this paragraph, the PC1_S and PC1 simulations results are 

shown, comparing the influence of the prechamber on the flow field inside the cylinder and the combustion 

process, in terms of in-cylinder pressure and duration. As seen in previous paragraph, these two prechambers 

have the same orifices diameters and rod diameter; they differ from each other for the aspect ratio, which is 

greater for PC1. Furthermore, the prechamber PC1_S has sharp angles and it is more shaped than the PC1 

prechamber, which has instead a greater fillet radius when passing from the rod to the volume where the 

spark plug is located. No appreciable differences can be noted in the pressure during the cold flow 

simulation, for both cylinder and prechamber (Figure 5-13). 

 

Figure 5-13. Evolution pressure during the cold flow simulation: comparison between PC1_S and PC1. 

Observing the evolution of turbulent kinetic energy and tumble ratio inside the cylinder during the cold flow 

(Figure 5-14 and Figure 5-15), it can be noted that the two prechambers have a similar behaviour, testifying 

that the shape and the aspect ratio have a minimum influence on the in-cylinder flow field during the 

scavenging process. Little differences are visible during the compression phase, for both turbulent kinetic 

energy and tumble ratio: the PC1_S produces lower TKE inside the cylinder during compression but it tends 

to recover the gap with PC1 before the spark time, while the tumble ratio is greater in PC1_S than PC1 

prechamber. 
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Figure 5-14. Evolution of turbulent kinetic energy inside the cylinder during the cold flow: comparison 

between PC1_S and PC1. 

 

Figure 5-15. Evolution of tumble ratio inside the cylinder during the cold flow: comparison between 

PC1_S and PC1. 

Nevertheless, the flow field inside the cylinder is very similar between the two prechambers, as it can be seen 

in Figure 5-16, where the comparison between the TKE contours on a section passing through the spark plug 

is reported. Minimum differences are visible between the two prechambers: while both test cases generate 

a high TKE zone on the intake side of the combustion chamber, in PC1 simulation the area with high turbulent 

kinetic energy seems to be more stretched towards the exhaust side too. 
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Figure 5-16. Contour of TKE and velocity vector inside the cylinder before the combustion process: 

comparison between PC1_S and PC1. 

It is worth noting that, even if the fuel mass trapped during the intake phase is the same for the two test 

cases, the fuel trapped inside the prechamber PC1 is slightly greater than the other one (Figure 5-17). 

 

Figure 5-17. Fuel mass trapped at the spark time: comparison between PC1_S and PC1. 

Figure 5-18 shows the comparison between PC1_S and PC1 combustion process in terms of pressure. The 

solid lines refer to in-cylinder pressure, while the dashed ones refer to the pressure inside the prechamber. 

Since the fuel mass trapped inside the prechamber PC1 is greater, the pressure peak after the spark time (i.e. 

when the hot jets exit from the orifices) is higher respect to the PC1_S test. Moreover, the combustion in the 

main chamber occurs early in the PC1_S simulation, since the aspect ratio of the prechamber is lower, and 

the pressure peak inside the main chamber is slightly greater than PC1, because a greater amount of fuel 

mass remains in the cylinder during the scavenging process (Figure 5-17). Notwithstanding the hot jets enter 

later in the main chamber, the combustion process with PC1 is faster than the other prechamber, as it can 

be seen in Figure 5-19: considering the 10-90% phase, PC1 combustion lasts roughly one crank angle degrees 

less. 
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Figure 5-18. Evolution of the pressure during combustion: comparison between PC1_S and PC1 

simulations. 

 

Figure 5-19. Combustion duration: comparison between PC1_S and PC1. 

Figure 5-20 shows the contour of temperature during combustion for both PC1_S and PC1 prechambers, on 

a section passing through the spark plug. As reported before, the flame jets coming from the prechamber 

PC1_S seems to enter early in the main chamber. From the comparison of the flame propagation between 

the two prechambers, it can be noted that the flame jets enter into the cylinder in a different way.  The TKE 

field inside the cylinder in the prechamber PC1 enhances the flame propagation on the exhaust side of the 

cylinder too. Furthermore, it can be noted that, despite the first phase of combustion in PC1 is slower, the 

fuel mass in the main chamber burns very quickly, due to the greater inertia of the jets, which allows to ignite 

the mixture shortly. From the comparison of the flame front propagation at 10 crank angle degrees after the 

TDC, it can be noted that the flame front has reach almost the liner wall for both the test cases. 
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Figure 5-20. Evolution of the flame front during combustion: comparison between PC1_S and PC1. 

Notwithstanding the different behaviour of the flame front out of the orifices, the combustion process is very 

similar between the two prechambers. As reported before, the durations of the combustion are similar too. 

Some reflections on the feasibility of the prechamber must be done. Considering the shape of the two 

aforementioned prechambers, since the PC1 has greater fillet radius and a shape less sharped than PC1_S, it 

can be assumed that the latter is more difficult to cool and some hot spots may arise during operation. This 

is a detail not to be underestimated, since the prechamber is subjected to higher temperature than the liner. 

In light of this, the shape of the prechamber PC1 is used to carry out the further analysis on the engine, since 

the less sharped shape should avoid cooling problem. Thus, the next CFD analysis are carried out with an 

aspect ratio of 1.85 of the prechamber. 

5.3.2 - Influence of wall temperatures 

As explained before, the prechamber with aspect ratio 1.85 is chosen for next sensitivity analysis. Before to 

investigate the effect of the orifices diameters on the combustion process, a sensitivity analysis to the wall 

temperature of the prechamber is carried out. For the simulations in previous paragraphs, a wall temperature 

30% higher than the head one is assumed for the prechamber. This value is adopted based on literature 

review and previous experience of the industrial partnership. Thus, a sensitivity to the prechamber wall 

temperature is necessary in order to investigate how this parameter can affect the combustion process and 
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the engine performance. Three different values are tested, which correspond to a temperature higher 10%, 

30% and 50% than the head temperature, as reported in Table 5-3. 

Test T+10% T+30% T+50% 

Prechamber PC1 PC1 PC1 

Head temperature [K] 446 446 446 

Prechamber temperature [K] 490 580 670 

Table 5-3. Test matrix for the sensitivity to the prechamber wall temperature. 

The wall temperature of prechamber does not affect significantly the pressure inside the engine during the 

cold flow, as shown in Figure 5-21: there are not any major differences in terms of in-cylinder and prechamber 

pressure. 

 

Figure 5-21. Evolution of the pressure during the cold flow simulation for PC1: sensitivity to prechamber 

wall temperature. 

Observing the contour of TKE (Figure 5-22) at the end of the compression phase on a section passing 

through the spark plug, it can be noted that the flow field are very similar between the three test cases, 

testifying that the temperature of the prechamber does not affect the in-cylinder conditions. 
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Figure 5-22. Contour of TKE and velocity vector at -40°CA: prechamber wall temperature sensitivity. 

Figure 5-23 shows the evolution of pressure inside cylinder (solid lines) and prechamber (dashed lines) during 

combustion for different prechamber wall temperatures. Higher the wall temperature, higher the pressure 

peak inside the cylinder and faster the combustion occurs. In fact, while the in-cylinder thermodynamic 

conditions not seem to be sensitive to the prechamber wall temperature during the scavenging process, the 

higher wall temperature causes an increase in the mixture temperature inside the prechamber (Figure 5-24). 

Thus, the combustion occurs early since the higher thermal agitation of molecules. 
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Figure 5-23. Evolution of pressure during combustion for PC1: prechamber wall temperature sensitivity. 

 

Figure 5-24. Evolution of temperature inside the prechamber PC1 during combustion: prechamber wall 

temperature sensitivity. 

It is worth noting that the pressure peak inside the prechamber for test T+10% is higher than the one 

computed in T+30% test. In fact, the lower temperature of the mixture the higher fuel mass trapped inside 

the prechamber. With a wall temperature of 490 K, the fuel mass trapped in the prechamber is roughly 15% 

higher than the test case with temperature of 580 K. The higher amount of fuel inside the prechamber 

produces hot flame jets with greater inertia. Thus, even if the combustion in T+10% starts later than T+30%, 

as the flame enters in the cylinder, the mixture in the main chamber burns faster (Figure 5-25), compensating 

for the lower temperature of the mixture inside the prechamber during the ignition phase. 
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Figure 5-25. Burned mass fraction inside the cylinder during combustion for PC1: sensitivity to the wall 

prechamber temperature. 

While not any major differences are visible in the flow field inside the cylinder during the scavenging process, 

during combustion it can be noted that higher the temperature higher the TKE inside the cylinder (Figure 

5-26). The piston in Figure 5-26 is 20 crank angle degrees before the TDC, shortly before the hot jets exit 

from the orifices. 
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Figure 5-26. Contour of TKE and vector velocity at -20°CA: prechamber wall temperature sensitivity. 

Figure 5-27 shows the flame front propagation inside the cylinder for two different crank angle degrees, for 

the three wall temperatures simulated. It can be noted that, at -18°CA, the flame jets are entering in the 

combustion chamber if the wall temperature is 670 K, while the flame front is still propagating through the 

rod of the prechamber if the wall temperature is 490 K. In fact, as explained before, the low temperature 

tends to inhibit the ignition phase of combustion; this results in a slower ignition of the mixture. When the 

piston is at the TDC, the flame front of T+30% test is more stretched towards the exhaust side than the 

others did, since the turbulent kinetic energy is greater. It is worth noting that the flame front propagation 

of test case with the highest wall temperature seems to be hindered towards the exhaust side, confirming 

the crucial role of the turbulent kinetic energy in the flame propagation. In test T+10%, the flame jets balance 

the lowest TKE with the highest inertia of the flame jets: thus, when the piston is at the TDC, the flame front 
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seems to propagate more easily through the main chamber than the test case T+50%. The differences 

between the simulations tend to disappear when over the 70% of the fuel is burnt. 

 

Figure 5-27. Contour of temperature during combustion for two different crank angle degrees: 

prechamber wall temperature sensitivity. 

After the sensitivity on the temperature of prechamber wall, a value of 580 K is set for further s imulations, 

since a temperature 30% higher than the head one is a reasonable hypothesis. 

5.3.3 - Influence of orifices diameter 

In this paragraph, the results to the orifices diameter sensitivity are shown. The temperature of the 

prechamber wall is set equal to 580 K for the all simulations run. As explained in previous chapters, the 

orifices diameters may affect not only the cold flow simulation, but the combustion process too. On the one 

hand, small diameters can obstruct the scavenging process of the prechamber, making difficult the fuel 

filling. On the other hand, small diameters may enhance the combustion performance, accelerating the flame 

jets and increasing the flame front propagation. Thus, a sensitivity to this parameter is necessary in order to 

find out the best configuration for the engine. As reported in Table 5-1, three different diameters are tested. 

At first, the results of the cold flow are presented, in order to evaluate how the orifices diameters may affect 

the scavenging process of the engine. Finally, the combustion results are compared, in terms of pressure 

curves, duration and flame front propagation. 

Figure 5-28 shows the evolution of pressure during the overlap, intake and compression phases, for the 

three different aforementioned prechambers. It can be noted that the orifices diameter does not affect the 

in-cylinder pressure (solid lines). Slightly differences can be noted in the prechamber pressure: higher the 

diameter lower the pressure drop through the orifices and higher the pressure inside the prechamber at the 

end of the compression phase. 
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Figure 5-28. Evolution of pressure during cold flow: comparison between prechambers with different 

orifices diameters. 

The orifices diameters do not affect the behaviour of the engine during the cold flow simulation, except for 

the compression phase. As can be seen from Figure 5-29, higher the diameters lower the tumble ratio during 

compression phase. 

 

Figure 5-29. Tumble ratio inside the cylinder during the cold flow: comparison between prechambers 

with different orifices diameters. 

Figure 5-30 shows the contour of turbulent kinetic energy for the three different prechambers. It can be 

noted that a high TKE zone still remain, increasing the orifices diameters, but the area is different between 

the prechambers: in particular, the region is greater with the lowest diameter. Furthermore, it can be noted 

that the turbulent kinetic energy inside the rod of the prechamber decreases increasing the orifices diameter. 
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Figure 5-30. Contour of TKE and velocity vector at -40°CA: comparison between prechambers with 

different orifices diameters. 

Figure 5-31 shows the evolution of pressure during combustion for the three different prechambers. It can 

be noted that higher the orifices diameters early the combustion occurs in the prechamber. It is worth noting 

that, in PC3, the pressure peak inside the prechamber during the ignition phase is lower than the other 

prechambers due to the highest diameter. This produces hot flame jets with lower inertia exiting from the 

prechamber, resulting in a combustion process in the main chamber slightly slower than the other 

prechambers, as can be seen from Figure 5-32. Minimum differences can be seen between PC1 and PC2 

results: the latter prechamber has a faster ignition phase and the highest pressure difference between the 

main chamber and prechamber when the hot jets exit from the orifices; the combustion process in the former 

prechamber is faster when the mixture ignites in the cylinder due to the highest turbulent kinetic energy. 
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Thus, the combustion process of PC1 and PC2 are similar in terms of both pressure evolution and burned 

mass fraction. 

 

Figure 5-31. Evolution of pressure during combustion for three different orifices diameters. 

 

Figure 5-32. Burned mass fraction during combustion for three different orifices diameters. 

Figure 5-33 shows the contour of temperature during combustion for the three prechambers. As can be 

seen, the flame jets from the PC3 prechamber 20 crank angle degrees before the TDC, while in the other 

test cases the flame front is still in the prechamber. As explained before, the flame coming from prechamber 

PC2 is able to penetrate the cylinder mixture with higher inertia, resulting in faster combustion process, even 

if the ignition phase is slower. 
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Figure 5-33. Contour of temperature during combustion on a section passing through the spark plug: 

comparison between three different orifices diameters. 

Figure 5-34 shows a top view of the evolution of the flame front during the combustion. Contours are 

computed on a section perpendicular to the cylinder axis, located in the main chamber. The intake valves 

are located on the right side, while the exhaust valves on the left one. As explained before, smaller the 

diameters, thinner the shape of the flame jets.   
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Figure 5-34. Contour of temperature during combustion on a section XY in the main chamber: 

comparison between three different orifices diameters. 

Comparing the in-cylinder pressure of the prechambers during combustion with baseline configuration 

(Figure 5-35), it is remarkable the increase of pressure inside the main chamber for the whole test cases and 

how the prechamber can speed up the combustion process (Figure 5-36). In fact, when the 50% of fuel is 

burnt in the baseline configuration, the amount of gasoline burnt with prechambers is roughly 80%. 
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Figure 5-35. Evolution of in-cylinder pressure during combustion: comparison between prechambers 

and baseline simulations. 

 

Figure 5-36. Burned mass fraction inside the cylinder: comparison between prechambers and baseline 

simulations. 

It is interesting to compare the test cases in terms of indicated work. Pressure data for the gas in the cylinder 

can be used to calculate the work transfer from the gas to the piston. The indicated work per cycle 𝑊𝑖,𝑐 can 

be obtained as follows: 

𝑊𝑖,𝑐 = ∮ 𝑝𝑑𝑉 

Since the high computational effort required for the CFD simulations, the performance of the prechambers 

are evaluated by calculating the indicated work limited to the combustion frame. In fact, the computational 
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cost of the CFD simulations with a detailed chemistry model is particularly high, since the solver has to take 

into account for several 41 chemical species. For this reason, the indicated work is not defined on the entire 

engine cycle but it is computed as follows: 

𝑊𝑖,𝑓𝑙𝑎𝑚𝑒 = ∫ 𝑝𝑑𝑉
50°

−40°

 

The flame indicated work is defined considering the crank angles in which the combustion occurs. Figure 

5-37 reports the indicated work of the prechambers with different diameters. The 𝑊𝑖 is scaled on the 

𝑊𝑖,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 obtained with the baseline configuration. Thus, a unity value means that the test case produces 

the same indicated work of the engine without prechamber. It can be noted that the whole test cases 

produce greater indicated work, especially PC1 and PC2 prechambers, which produce over 12% than the 

baseline engine. 

 

Figure 5-37. Indicated work of prechambers with different orifices diameter. 

It is worth remembering that the simulations are carried out with the same spark time. Since the spark time 

derives from the test bench on the engine without prechamber, it can be assumed that this value is optimized 

for the baseline configuration in order to provide the maximum in terms of Indicated Mean Effective Pressure 

(IMEP). Figure 5-38 shows the maximum pressure inside the main chamber during combustion for the whole 

test cases, including the baseline engine. The tags in the figure indicate the crank angle when the maximum 

is computed. As seen before, the whole test cases with prechamber produce roughly a 17% rise of the 

maximum pressure (up to 23% with PC1 and PC2), and roughly 4 crank angle degrees in advance. 
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Figure 5-38. In-cylinder maximum pressure during combustion: comparison between prechambers and 

baseline simulations. 

Thus, a sensitivity analysis to the spark time of the engine with prechamber is necessary in order to calibrate 

the combustion process and trying to obtain a maximum in-cylinder pressure occurring at same piston 

position of the baseline configuration. Furthermore, it is worth noting that roughly the 40% of the fuel burns 

during the compression phase causing an increase in the compression work.  Figure 5-39 shows the evolution 

of pressure inside the cylinder (solid line) and prechamber (dashed line) for the PC1 test case with different 

spark advance. In particular, the PC1 test has a spark time equal to 33 crank angle degrees before the TDC, 

while the other test case has a spark time equal to 25 crank angle degrees before the TDC.  Delaying the 

spark time, the fuel mass trapped in the prechamber rises, resulting in a higher pressure peak during the 

ignition phase. Consequently, the pressure peak in the main chamber decreases and it occurs later than the 

original spark time, since the flame front enter in the combustion chamber later. Accordingly, the whole 

combustion process occurs later respect to the base spark time (Figure 5-40). 
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Figure 5-39. Evolution of pressure during combustion for PC1 prechamber: spark advance sensitivity. 

 

Figure 5-40. Burned mass fraction for PC1 prechamber: spark advance sensitivity. 

Figure 5-41 shows the comparison of the flame front propagation on a section perpendicular to the axis of 

the engine and passing through the main chamber between the two spark advances simulated. It can be 

noted how the flame front is delayed with a later spark time.  
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Figure 5-41. Contour of temperature on a section xy in the cylinder for PC1: comparison between two 

different spark advances. 
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All the prechambers with different diameters show the same behaviour when varying the spark advance, 

with a pressure curve and burned mass fraction shift towards the TDC and a higher pressure peak inside the 

prechamber during the ignition phase than the simulation with the experimental spark time. 

Thus, the prechambers analysed above are simulated varying the spark advance. In the whole test cases, the 

spark advance is delayed of 8 crank angle degrees (Table 5-4). 

Test case PC1 SA+8 PC2 SA+8 PC3 SA+8 

Prechamber PC1 PC2 PC3 

Spark advance -25°CA -25°CA -25°CA 

Table 5-4. Test matrix for spark advance sensitivity. 

Figure 5-42 shows the in-cylinder pressure during combustion for the test cases reported in Table 5-4 and 

the baseline configuration, which has the experimental spark time, i.e. -33 crank angle before the TDC. It can 

be noted that the maximum in-cylinder pressure roughly occurs at the same crank angle of the baseline 

simulation, as shown in Figure 5-43 too. Even if the spark time is delayed by 8°CA, the maximum pressure 

during combustion inside the main chamber is greater than the one computed in the baseline configuration 

(by roughly 6% with PC3 up to 12% with PC2). 

 

Figure 5-42. Evolution of in-cylinder pressure during combustion: comparison between the baseline and 

prechambers configuration with different spark advance. 
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Figure 5-43. Maximum pressure inside the cylinder during combustion: spark advance sensitivity. 

Although the spark advance delayed, the combustion inside the main chamber results faster than the one 

simulated in the baseline engine, as reported in Figure 5-44. The process inside the cylinder starts later than 

the baseline configuration but, as the hot jets exit from the orifices, the flame front allows to burn the fresh 

mixture quickly, confirming the advantages in using the prechamber. It is worth noting that the combustion 

inside the main chamber starts before in PC2, which has the diameters equal to 1.1d. The test case with the 

highest diameters generates a process slower in the last phase of the combustion. This behaviour is a 

combination of the low inertia of the hot jets coming from the prechamber and less the turbulent kinetic 

energy inside the main chamber. 
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Figure 5-44. Burned mass fraction inside the cylinder: comparison between the baseline and 

prechambers configuration with different spark advance. 

Figure 5-45 shows the evolution of the flame front inside the main chamber on a section perpendicular to 

the axis of the engine. The hot jets coming from the prechamber PC2 enter in the main chamber before the 

other two test cases, while the flame front with PC1 is able to speed up the process when the mixture is 

ignited in the main chamber due to the highest turbulent kinetic energy. Furthermore, it is evident that the 

combustion process in PC3 is the most delayed, since the flame front has filled the less volume of the 

combustion chamber. 
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Figure 5-45. Contour of temperature inside the cylinder on a section xy: comparison between different 

prechambers with spark advance -25°CA. 

5.4 - Prechamber results: sensitivity to the air-to-fuel ratio 

According to the theory and to the literature, the prechamber in internal combustion engine allows to speed 

up the combustion of the fresh mixture inside the cylinder, resulting in a faster and more efficient process. 

As seen in previous paragraphs, all the test cases simulated show a reduction in terms of crank angle degrees 

necessary to complete the oxidation of the fuel. Respect to the baseline configuration, the hot flame jets 

exiting from the orifices are able to start the ignition process in the main chamber and to speed up the 

laminar phase of combustion, during which the chemical reactions are activated and the flame kernel grows 

slowly. In practice, the prechamber plays the role of a more powerful and more efficient ignition system and 

the flame jets play the role of multiple spark plug. Thus, the prechamber is able to extend the ignition limit 

of the fresh mixture through the hot jets, compensating for the lack of turbulent kinetic energy and air-to-

fuel ratio. In particular, the composition of the mixture has a major influence on the combustion process, 

since the equivalence ratio affects the flame front propagation through the laminar flame speed. 

Furthermore, internal combustion engines suffer from the cycle-to-cycle variation: there are fluctuations in 

the flow field, which alter the local composition of the mixture and may lead to instabilities during the 
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combustion process, since the local air-to-fuel ratio differs from the optimal operation conditions. The 

prechamber may overcome this drawback. Thus, a sensitivity to the air-to-fuel ratio is carried out for all the 

prechambers with different diameters tested above. The equivalence ratio of the fresh mixture is varied by 

reducing the amount of fuel. In order to evaluate the potential of the prechamber when the engine operates 

with lean mixture and have a benchmark of the engine performance for comparison, the baseline 

configuration is simulated too with different equivalence ratio. At first, the results of air-to-fuel ratio sensitivity 

of the engine in the baseline configuration are presented, comparing the in-cylinder pressure with the one 

at maximum power, derived from the calibration analysis. Finally, the results of the sensitivity to the 

equivalence ratio of the mixture are shown, comparing the evolution of the combustion process with the 

baseline results. The simulations carried out by varying the equivalence ratio are summarized in Table 5-5. 

Air-to-fuel ratio [-] 0.82 1.05 1.10 1.2 1.4 

Test case 
Baseline, PC1, 

PC2, PC3 
PC2 PC2 

Baseline, PC1, 

PC2, PC3 

Baseline, PC1, 

PC2, PC3 

Table 5-5. Test matrix for air-to-fuel ratio sensitivity. 

At first, the CFD simulations with high air-to-fuel ratio (i.e. 1.2 and 1.4) are carried out, in order to evaluate 

the combustion performance and in-cylinder pressure when the engine is operating close to the flammable 

limit. The comparison of the CFD results showed that the PC2 geometry allows to obtain the best 

performance in terms of flame propagation, combustion duration and in-cylinder pressure. Thus, the 

prechamber PC2 is tested with air-to-fuel ratio close to the stoichiometric value, in order to evaluate the 

engine performance and the fuel saving. 

Figure 5-46 shows the comparison of the air-to-fuel ratio sensitivity for the baseline configuration, in terms 

of in-cylinder pressure during combustion. It can be noted that, as the mixture gets lean, the combustion 

process tends to slow down (Figure 5-47), since the laminar flame speed decrease due to the low amount 

of fuel. Consequently, the pressure peak inside the cylinder decreases and it is shifted towards the TDC. 

When the air-to-fuel ratio is equal to 1.4, the combustion starts with difficulty and the in-cylinder pressure is 

similar to a motored curve (i.e. without combustion). 
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Figure 5-46. Evolution of the in-cylinder pressure during combustion of baseline configuration: air-to-

fuel ratio sensitivity. 

 

 

Figure 5-47. Burned mass fraction during combustion of baseline configuration: air-to-fuel ratio 

sensitivity. 

Figure 5-48 shows the evolution of the flame front inside the cylinder between the different equivalence 

ratios tested for the baseline configuration. It can be noted how the flame front propagation is very different, 

depending on the fresh mixture composition. For the whole test cases, the flame front tends to propagate 

where the turbulent kinetic energy is higher, resulting a flame stretched towards the intake valves. As the 

amount of fuel reduces, the flame speed decrease and it is not able to propagate where the turbulent 

structures are missing (as can be seen in Figure 5-49). 
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Figure 5-48. Flame front propagation during combustion in baseline configuration: comparison between 

different air-to-fuel ratios. 
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Figure 5-49. Contour of TKE inside the cylinder at the spark time for the baseline configuration: 

comparison between different air-to-fuel ratios. 
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After the sensitivity of the equivalence ratio on the baseline configuration, the CFD analysis on the 

prechamber is carried out by varying the amount of fuel in the fresh mixture. At first, the results of the 

sensitivity on the prechamber PC1 are presented, in order to evaluate how the mixture composition affects 

the combustion process. Finally, the comparison between the different prechambers and baseline 

configuration are shown, in order to evaluate the best configuration for the engine. Since the lack of 

experimental information on the operating point simulated, the spark time is set equal to the one measured 

at maximum power, in the baseline configuration. 

Figure 5-50 shows the pressure inside the cylinder (solid lines) and prechamber (dashed lines) during 

combustion for the prechamber PC1, with different equivalence ratios. As the mixture gets lean, the ignition 

phase in the prechamber takes longer: lower the fuel, later the pressure peak inside the prechamber. The 

pressure peak inside the cylinder decreases with increasing the air-to-fuel ratio, since the amount of fuel is 

lower. It is worth noting that the equivalence ratio of the mixture does not affect notable the position of the 

maximum pressure inside the cylinder. While in baseline configuration the pressure peak inside the cylinder 

gets close to the TDC reducing the fuel in the fresh gases, with prechamber the maximum pressure remains 

roughly in the same position. This means that the hot jets coming from the prechamber that are able to 

ignite the fresh gases and to generate a fast combustion process in the main chamber, even if the mixture 

is very lean. 

 

Figure 5-50. Evolution of pressure during combustion for prechamber PC1: air-to-fuel ratio sensitivity. 

Even if the prechamber allows to ignite the fresh gases in the cylinder, the combustion process slows 

decreasing the equivalence ratio of the mixture, as shown in Figure 5-51 and Figure 5-52. 
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Figure 5-51. Burned mass fraction of PC1: air-to-fuel ratio sensitivity. 

 

Figure 5-52. Evolution of the flame front in the cylinder for PC1 prechamber: air-to-fuel ratio sensitivity. 

In order to understand the capability of the prechamber operating with lean mixture, it is necessary to 

compare the prechamber results with the baseline ones, at the same equivalence ratio. Considering an air-
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to-fuel ratio equal to 1.20 (Figure 5-53), it can be noted that the prechamber allows to decrease the 

compression work, since the combustion is not yet occurred in the main chamber. As the hot jets enters into 

the cylinder, the fresh gases ignite quickly, even if the mixture is lean, increasing the pressure inside the 

combustion chamber. As seen before, the maximum pressure occurs roughly in the same position of the 

baseline one at maximum power. It is worth noting that, during the expansion phase the pressure curve with 

prechamber remains above the one computed in baseline configuration.  

 

Figure 5-53. Comparison of in-cylinder pressure between baseline and PC1 with air-to-fuel ratio 1.20. 

The advantages of the prechamber with a lean mixture are more evident observing the burned mass fraction 

of fuel inside the main chamber (Figure 5-54). It can be noted that the process in the cylinder start later with 

prechamber, since the flame is still in the prechamber. Even if the two test cases burn the 10% of fresh gases 

at the same crank angle degrees, the rate of burn of PC1 is much greater than the baseline configuration. At 

60°CA, while the piston is moving towards the BDC, the PC1 test case has already burnt over than 90% of 

the fresh gases, while the baseline test case under the 80%. 
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Figure 5-54. Burned mass fraction inside the cylinder for air-to-fuel ratio 1.20: comparison between 

baseline and PC1. 

Figure 5-55 compares the flame front propagation of the baseline and PC1 test case, with an air-to-fuel ratio 

1.20. It can be noted how the hot jets coming from the prechamber are able to ignite the lean mixture inside 

the main chamber, which burns faster even the low amount of fuel in the fresh gases. Comparing the 

evolution of the process, as explained before, it can be noted that with lean mixture, the flame front in 

baseline test case is not able to propagate where the turbulent kinetic energy is missing: thus, the flame 

results strongly stretched towards the intake valves. Conversely, with prechamber, the hot jets allow to ignite 

the mixture even if the turbulent structures are weak, resulting in a more homogeneous propagation inside 

the main chamber. 
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Figure 5-55. Contour of temperature with air-to-fuel ratio 1.20: comparison between baseline and PC1. 
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Observing the comparison in terms of in-cylinder pressure between baseline and PC1 results with the leanest 

mixture tested (i.e. 1.40), it can be noted that without prechamber the combustion almost does not occur, 

with a pressure peak close to the TDC (Figure 5-56). Conversely, using the prechamber allows increase the 

pressure peak over 50 bar, greater than 30% respect to the baseline one. 

 

Figure 5-56. Evolution of in-cylinder pressure for air-to-fuel ratio 1.40: comparison between baseline and 

PC1. 

Comparing the burned mass fraction (Figure 5-57), it can be seen that the prechamber produces a faster 

combustion process, allowing to extend the ignitable limit of the mixture. 
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Figure 5-57. Burned mass fraction inside cylinder for air-to-fuel ratio 1.40: comparison between baseline 

and PC1. 

Figure 5-58 shows the evolution of the flame front when the air-to-fuel ratio is equal to 1.40. From the 

comparison between the baseline configuration and prechamber PC1, it can be noted that without 

prechamber the process is very slow: even if the spark advance is -33 crank angle degrees, at the TDC the 

flame front is limited to a spark plug zone. Conversely, in PC1 test case, the hot jets are able to ignite the 

fresh gases in the cylinder as they exit from the orifices.   
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Figure 5-58. Flame front propagation inside the cylinder for air-to-fuel ratio 1.40: comparison between 

baseline and PC1. 

After the analysis of air-to-fuel ratio sensitivity on prechamber PC1, it is obvious that the prechamber allows 

to speed up the combustion process at lean condition and it allows to extend the ignitable limit of the 

mixture. Thus, a comparison between the prechamber tested in previous paragraph is necessary. Figure 5-59 

shows the evolution of pressure inside cylinder (solid lines) and prechamber (dashed lines) for simulations 

with air-to-fuel ratio equal to 1.20. With a lean mixture, increasing the orifices diameters leads to an increase 

of pressure inside the cylinder. In fact, since the amount of fuel is low, higher the diameters lower the pressure 
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drop through the orifices and higher the amount of fresh mixture trapped in the prechamber. Thus, the 

prechamber with the smallest diameter seems to be the worst between the three test cases simulated. Even 

then, the prechamber PC2 produces the highest peak inside the prechamber after the spark time, due to the 

best ratio between the total passage area and volume, resulting in a faster ignition phase (Figure 5-60). As 

the flame jets enter in the main chamber, the PC3 produces the fastest combustion process and the highest 

pressure in the main chamber (Figure 5-61). 

 

Figure 5-59. Evolution of pressure inside cylinder for air-to-fuel ratio 1.20: comparison between baseline 

and prechambers. 

 

Figure 5-60. Burned mass fraction inside the cylinder with air-to-fuel ratio equal to 1.20: comparison 

between baseline and prechambers. 

With an air-to-fuel ratio equal to 1.20 the combustion process with prechamber results much faster than the 

baseline one, with a reduction of 10-50% of burned mass fraction roughly 55% with PC2 and 60% with PC3. 
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Figure 5-61. Combustion phase with air-to-fuel ratio 1.20: comparison between different prechambers. 

As can be seen in Figure 5-62, the flame generated in PC1 is delayed respect to the other two prechambers. 

PC2 and PC3 are able to produce the faster ignition phase: thus, the jets coming from the prechamber enter 

in the main chamber earlier respect to PC1. There are not major differences in flame front propagation 

between PC2 and PC3 before the TDC.  
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Figure 5-62. Evolution of the flame front inside the cylinder for air-to-fuel ratio 1.20: comparison 

between different prechambers. 

Some differences arise after the TDC, as can be seen in Figure 5-63. It can be noted that the flame with PC3 

is slightly further than PC2 flame front. This is due to the higher turbulent kinetic energy inside the cylinder 

before the entering of the flame jets (Figure 5-64). The greater turbulence enhances the flame front 

propagation, resulting in a faster combustion process for the prechamber PC3. Nevertheless, the differences 

between the two prechambers are minimal. 
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Figure 5-63. Flame front evolution inside the cylinder with air-to-fuel ratio 1.20: comparison between 

PC2 and PC3. 
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Figure 5-64. TKE contour and velocity vectors inside the cylinder at -18°CA: comparison between PC2 

and PC3. 

It is worth noting that the use of prechamber increases the indicated work by 40% with respect to the baseline 

configuration (Figure 5-65).  
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Figure 5-65. Indicated work with air-to-fuel ratio 1.20 for prechambers with different orifices diameters. 

Figure 5-66 shows the comparison in terms of in-cylinder pressure for air-to-fuel ratio equal to 1.40. In this 

case, the differences between the prechambers are less notable than the previous case, since the lean 

condition of the mixture tend to level the behaviour of the engine. Nevertheless, all the prechambers shows 

a remarkable improvement in the combustion process respect to the baseline configuration, in terms of in-

cylinder pressure and burned mass fraction (Figure 5-67). It is worth noting that with the leanest conditions 

tested, the prechamber PC2 produces the highest pressure inside the main chamber, with the highest 

maximum value. 
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Figure 5-66. In-cylinder pressure with air-to-fuel ratio 1.40: comparison between baseline and 

prechambers. 

 

Figure 5-67. Burned mass fraction inside cylinder with air-to-fuel ratio 1.40: comparison between 

baseline and prechambers. 

It is worth noting that, as the mixture gets lean, the flame front inside the prechamber tend to propagate 

like a spherical shape. Observing Figure 5-68, the flame results much less stretched than the one observed 

in rich condition. Furthermore, it can be noted that, with the leanest mixture condition, the differences in 

flame front propagation are less evident between the different prechambers. 
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Figure 5-68. Flame front propagation inside cylinder with air-to-fuel ratio 1.40: comparison between 

different prechambers. 

It is worth noting that the use of prechamber increases the indicated work by 80% with respect to the baseline 

configuration (Figure 5-69). 
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Figure 5-69. Indicated work for air-to-fuel ratio 1.40 for prechambers with different orifices diameters. 

Considering the air-to-fuel ratio 1.20, the results of the engine with prechamber are very promising. 

Comparing the in-cylinder pressure with the baseline configuration in rich condition (Figure 5-70), it can be 

noted that the performance in terms of in-cylinder pressure are comparable with the one at maximum power. 
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Figure 5-70. In-cylinder pressure during combustion: comparison between baseline at maximum power 

and prechambers with air-to-fuel ratio 1.20. 

 

Figure 5-71. Burned mass fraction inside cylinder: comparison between baseline and maximum power 

and prechambers with air-to-fuel ratio 1.20. 

Observing the graphs in Figure 5-70 and Figure 5-71, the combustion process with prechambers PC2 and 

PC3 with lean mixture appears not centered: both cases computed a maximum in-cylinder pressure earlier 

than the baseline at maximum power and the 50% of combustion phase occurs too early respect to the 

baseline one in rich condition. Thus, a further sensitivity analysis on the spark advance is carried out for the 

prechambers PC2 and PC3 operating with air-to-fuel ratio equal to 1.20. The spark time is delayed in order 

to shift the pressure and burned mass fraction curves and to obtain a combustion process similar to the one 

at maximum power. It is worth remembering that the baseline at maximum power represents the actual 

engine, since the model is calibrated against the experimental data. Thus, the spark time in this case is chosen 
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for obtaining the maximum indicated mean effective pressure. The simulations carried out are summarized 

in Table 5-6. The spark timing of this sensitivity are chosen based on the results seen in previous paragraphs. 

Test case PC2 1.20 SA+4 PC3 1.20 SA+5 

Air-to-fuel ratio [-] 1.20 1.20 

Spark advance [deg] -29 -28 

Table 5-6. Test matrix for spark advance sensitivity on PC2 and PC3 with air-to-fuel ratio 1.20. 

Figure 5-72 and Figure 5-73 show the comparison between the baseline at maximum power and PC2 and 

PC3 results, in lean condition and with spark delayed. Delaying the spark timing produces a decrease of the 

in-cylinder pressure for both prechambers tested, since the flame jets enter in the main chamber later: thus, 

the mixture in the cylinder burns later. Even if the spark time is delayed of 4°CA and 5°CA, the combustion 

process occurs earlier than the baseline one, for both prechambers PC2 and PC3. 

 

Figure 5-72. Comparison of in-cylinder pressure between baseline at maximum power and prechambers 

at lean condition and spark delayed. 

 



Chapter 5 

177 

 

Figure 5-73. Comparison of burned mass fraction between baseline at maximum power and 

prechambers at lean condition and spark delayed. 

From Figure 5-72 it can be noted that the pressure inside the cylinder for test cases PC2 and PC3 during the 

expansion phase is still lower than the one computed with baseline at maximum power. Thus, no further 

analysis is carried out by varying the spark advance. 

From the sensitivity on the air-to-fuel ratio of the mixture, and considering the results come out from the 

sensitivity on orifices diameters, all the prechambers allow to obtain a consistent increment during the 

combustion process, in terms of both in-cylinder pressure and combustion duration. Comparing the all 

sensitivities carried out, the prechamber PC2 seems to be the best compromise for increasing the engine 

performance. In fact, PC2 has shown very good results for both rich and lean conditions and it has shown 

fast combustion process with different spark time too. Thus, a further air-to-fuel ratio value is simulated in 

order to obtain a combustion process faster than the baseline configuration and, in the meantime, to obtain 

a pressure inside the main chamber above the one computed at maximum power, especially during the 

expansion phase. Thus, as reported in Table 5-5, two additions air-to-fuel ratios equal are simulated with 

prechamber PC2: 1.05 and 1.10. Figure 5-74 and Figure 5-75 show the results of the air-to-fuel ratio sensitivity 

on PC2, compared with the baseline at maximum power, in terms of both in-cylinder pressure and burned 

mass fraction inside the main chamber. The results with air-to-fuel ratios of 1.05 and 1.10 are similar, in terms 

of in-cylinder pressure and burned mass fraction. Nevertheless, the test case at 1.05 computes a pressure 

during the expansion phase very close to the one obtained at maximum power without prechamber. It is 

interesting to note that with an air-to-fuel ratio equal to 1.05, the performance of the prechamber are similar 

to the ones obtained in rich conditions. In fact, even if the in-cylinder maximum pressure is higher with the 

richest mixture, during the expansion phase the curves tend to converge one on the other. Furthermore, the 

in-cylinder pressure at 1.05 is still higher than the one computed for baseline at maximum power. In addition, 

the whole air-to-fuel ratios simulated with PC2 produce a faster combustion process than the one computed 

at maximum power, except for the one at 1.40, which corresponds to a very lean condition. However, it is 

worth remembering that an air-to-fuel ratio of 1.40 represents the flammable limit of the mixture in the 
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baseline configuration: the use of prechamber allows to obtain a stable process even if the amount of fuel 

in the fresh gases is very low. 

 

Figure 5-74. Comparison of in-cylinder pressure between baseline at maximum power and air-to-fuel 

ratio sensitivity on PC2. 

 

Figure 5-75. Comparison of burned mass fraction between baseline at maximum power and air-to-fuel 

ratio sensitivity on PC2. 

It is worth noting that the performance with PC2 at 1.05 of air-to-fuel ratio are obtained with a reduction of 

fuel of 22% less than the baseline configuration at maximum power, as reported in Figure 5-76. 
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Figure 5-76. Reduction of fuel respect to the maximum power for PC2. 

Furthermore, from Figure 5-77 it can be noted that, considering the combustion frame (from -40°CA to 

50°CA), the indicated work in PC2 with air-to-fuel ratio equal to 1.05 and 1.10 is higher than the one computed 

with the engine without prechamber at maximum power, even the low amount of fuel. 

 

Figure 5-77. Indicated work for PC2 with different air-to-fuel ratios. 

5.5 - Prechamber results at 4000 rpm 

Since the PC2 prechamber represents the best test case for increasing the combustion performance of the 

engine, in terms of both in-cylinder pressure and flame speed, this geometry is used for simulating the 

combustion performance at 4000 rpm. The numerical procedure is the same used for the analyses of the 
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maximum power conditions. Thus, two revolutions of the engine are necessary to wash out the fluid domain 

from the initial conditions. During these first two revs, a user defined function is used to model the 

combustion process and accelerate the computational time required by the simulations. Then, the CFD 

simulation of the cold flow and the reacting flow is carried out. Figure 5-78 shows the evolution of pressure 

inside the cylinder (solid lines) and prechamber (dashed line). The use of prechamber produces a significantly 

improvement of the combustion process. The ignition occurs after few crank angles of the spark time. As the 

flame jets enter in the main chamber, the mixture ignites quickly, generating a pressure peak over the 100 

bar. As can be seen in Figure 5-79, when the piston is at the TDC, over the 70% of fuel is burned, confirming 

the significantly increase of the speed of combustion. The increase in combustion performance at 4000 rpm 

are greater than the ones analysed at maximum power. In fact, the lower rotational speed means larger time 

for the flame growth. Thus, the prechamber is able to generate an in-cylinder pressure 110% higher than the 

baseline configuration, and a combustion process 50% faster (Figure 5-80). It is worth noting that the spark 

time set for the CFD simulations with prechamber is not optimized for working with prechamber (as 

happened for the maximum power condition). In fact, roughly 70% of the amount of fuel burns during the 

compression stroke (Figure 5-79). Nevertheless, the CFD results show the benefits of the prechamber on a 

4-stroke engine, increasing the performance even if the rotational speed is low. 

 

Figure 5-78. Evolution of pressure during combustion fat 4000 rpm: comparison between PC2 and 

baseline configuration. 
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Figure 5-79. Evolution of burned mass fraction inside the cylinder at 4000 rpm: comparison between 

PC2 and baseline configuration. 

 

Figure 5-80. Combustion duration phase at 4000 rpm: comparison between PC2 and baseline 

configuration.
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Conclusions 

The main objectives of this thesis were the development of a predictive and accurate numerical setup for 

the three-dimensional simulation of the combustion process in SI engines and the analysis of the advantages 

and potential of the prechambers in terms of increasing the combustion speed, enhancing the combustion 

quality and extending the flammable limit. To accomplish that, two different combustion models were set 

up, based on a detailed chemistry model and a flame surface density model, respectively, with the goal of 

finding the best trade-off between the accuracy and complexity of the numerical approach and 

computational. The test case investigated in this study is a Betamotor 430 cm3 4-stroke, four valves, PFI spark 

ignition engine. Since the test case was a PFI engine, the air/fuel mixture was considered homogeneous: 

therefore, the fuel injection was not simulated. 

At first, unsteady RANS simulations of the engine without prechamber were carried out. Concerning the 

detailed chemistry solver, the simulation required three subsequent engine cycles in order to properly 

initialize the fluid domain and accurately model the combustion process. The first two engine cycles were 

simulated through non-reacting flow calculations, in order to simulate the cold-flow part of the cycle, while 

the combustion phase was imposed through a specific User Defined Function (UDF). Then, the final (third) 

cycle was performed by activating the SAGE combustion model involving 41 chemical species and 124 

reaction mechanisms.   

An in-depth analysis on the numerical parameters of the detailed chemistry solver was carried out, in order 

to investigate the settings of the combustion model. The calibration of the SAGE model at maximum power 

condition was performed against the experimental data. A very good agreement was achieved in terms of 

in-cylinder pressure and burned mass fraction: the difference between CFD and experimental peak pressure 

values is less than 1%. Then, the prediction capability of the calibrated SAGE model was verified at a different 

engine operating point. A very good agreement was achieved with experimental data for 4000 rpm, for the 

whole combustion process.  Regarding the flame surface density model, the CFD cold flow computed an in-

cylinder pressure during the compression phase less than 7% respect to the experimental one. Nevertheless, 

the non-reacting simulation was in agreement with the experimental data. Thus, the ECFM-3Z was calibrated 

for the maximum power engine condition. A good agreement was achieved in terms of in-cylinder pressure 

and flame front propagation, with a difference in terms of peak pressure between the CFD results and 

experimental value less than 2.5%. 

After CFD simulations on the engine in baseline configuration, four different prechambers were designed, 

by varying the shape, the aspect ratio and the dimensions of the orifices, since these parameters were found 

to be the main variables that affect the combustion process. The whole test cases simulated showed a 

combustion process with prechamber faster than the baseline configuration, with a significantly 

improvement in terms of in-cylinder pressure and flame speed propagation. 
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A comparison between the two combustion models on the first geometry generated was carried out. The 

results showed the superior capability and reliability of the detailed chemistry model against the flame 

surface density model. The former was able to model properly the jet ignition and the flame propagation 

through the narrow orifices thanks to the chemical mechanism file. In fact, the SAGE model was able to take 

into account for radicals and intermediate species that sustain the combustion when the flame jets enter into 

the main chamber. The SAGE model computed a peak pressure values 14% higher than the one simulated 

with ECFM-3Z and combustion process faster than the one performed with the flame surface density model. 

It was observed that, since the flame density model did not take into account for species intermediate and 

radicals during the oxidation of the fuel, the ECFM-3Z was not able to model properly the interaction 

between the hot jets and the fresh gases in the cylinder. Thus, the detailed chemistry solver was used for 

further analyses on combustion process with prechamber. 

Two different shape of prechambers were tested, PC1_S and PC1, in order to investigate the effect of the 

aspect ratio on the combustion process. The CFD results showed that the combustion process is not 

significantly affected by the aspect ratio. The combustion was found to be similar between the two 

prechambers, in terms of in-cylinder pressure and flame front propagation. Since the prechamber PC1 was 

designed with larger fillet radius, this shape was chosen for further analyses. The presence of sharper edges 

could have led to hot spots and thus, anomalies during the combustion process. 

A sensitivity to the wall temperature of the prechamber was also carried out, in order to evaluate the effect 

of wall temperature on the reaction rates of the mixture and on the combustion process. In addition, since 

the lack of information on the value to assign, this sensitivity was necessary in order to provide information 

for future design and manufacturing. The results showed that increasing the wall temperature lead to a faster 

combustion process, due to the higher chemical reactivity of the mixture. A 15% increase of the wall 

temperature of the prechamber led to a 6% higher peak pressure inside the cylinder. 

Concerning the dimension of the orifices, three different diameters were tested. The whole test cases showed 

an improvement of the combustion performance in terms of both in-cylinder pressure and flame speed. The 

peak pressure inside the cylinder was roughly 23% higher than the one computed for the baseline 

configuration, considering the same spark advance. The flame front propagation was enhanced by the hot 

flame jets, resulting in a combustion process 30% faster. Furthermore, the sensitivity to the orifices diameters 

showed that the highest dimension tested generated hot flame jets with low momentum, since the pressure 

drop between the main chamber and the prechamber was lower. Thus, the combustion process with the 

highest diameters was 20% slower than the process simulated with the others two prechambers, and the in-

cylinder pressure was 5% lower. 

Finally, since the use of the prechamber allows to ignite a lean mixture, a further sensitivity to the air-to-fuel 

ratio was carried out, in order to evaluate the advantages and capability of prechamber system. The results 

showed an improvement in the combustion performance for the whole test cases. The hot flame exiting 

from the orifices were able to ignite the fresh gases inside the main chamber even if the amount of fuel was 

very low, extending the flammable limit of the mixture and still guaranteeing a fast combustion process. With 
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an air-to-fuel ratio equal to 1.20 the pressure peak inside the cylinder with prechamber was 42% higher than 

the one computed in the baseline configuration and the combustion duration was more than halved. 

Considering the outcome of the whole set of CFD sensitivity analyses, the best results were obtained with 

the prechamber PC2, which was then simulated at 4000 rpm, in order to evaluate its performance at low 

rotational speed. The comparison of the CFD results between the PC2 and baseline configuration showed a 

significant improvement of the combustion process at low rotational speed. The pressure peak inside the 

main chamber with prechamber was 110% higher and the combustion process was 50% faster than the 

baseline engine one.  
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