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Engines equipped with pre-chamber technology offer a viable solution for extending the lean ignition limit,
thanks to the high ignition energy delivered by the turbulent jets. Multidimensional numerical simulations are a
valuable tool to speed up and support the development process of the system, by providing details that cannot be
gathered solely from experimental tests. In this study, a 3D-CFD model was validated against experimental data
under both stoichiometric and lean conditions in a gasoline engine equipped with a passive pre-chamber,
featuring 4 nozzles, each with a 1.0 mm diameter. Afterward, three pre-chamber configurations with variable
nozzle cross-sectional area and three geometries with constant nozzle area were analyzed. Among the nozzle
configurations with variable cross-sectional area, the pre-chamber with an intermediate nozzle area (4 nozzles,
1.2 mm diameter) leads to the fastest combustion process, reducing combustion duration by 25% compared to
the baseline pre-chamber. This is attributed to the improved pre-chamber scavenging, which increases the energy
released in the pre-chamber by nearly 25%. This allows the generation of the most intense turbulence, hence
increasing the charge entrained by the jets, and finally reducing combustion duration. Conversely, for excessively
large total nozzle area (4 nozzles, 1.4 mm diameter), the enhanced scavenging effect is partially offset by the
energy losses associated with the ejection of the cold jets, resulting in only a 10% increase in energy released in
the pre-chamber compared to the baseline configuration. For the same total nozzle area, when a different number
of pre-chamber nozzles is considered, the spatial distribution of the jets plays a crucial role in determining the
combustion rate. Indeed, if the number of nozzles is excessively reduced (3 nozzles, 1.4 mm diameter), the
consumption of the mixture located between two adjacent jets is delayed, increasing the combustion duration by
almost 5% compared to the baseline and 40% compared to the optimal pre-chamber geometry (i.e., 4 nozzles, 1.2
mm).

1. Introduction

The 2023 Sixth Assessment Report (AR6) of the Intergovernmental
Panel on Climate Change (IPCC) [1] states that greenhouse gas emis-
sions related to human activity are the primary cause of global warming.
With the long-term goal of becoming climate neutral by 2050 [2], the
European Commission has set the target of reducing greenhouse gas
emissions by 55% by 2030, compared to 1990 levels. At a global level,
the transport sector accounts for a quarter of the total carbon dioxide
emissions, 75% of which comes from road transportation [3]. Addi-
tionally, except for 2020 due to the pandemic, the overall amount of
carbon dioxide emissions associated with the transport sector have been
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rising steadily [4] over the past few years. Therefore, because of the
large impact of the transportation sector on greenhouse gas emissions,
policymakers have set severe targets to be met over the next years. In
particular, a reduction in carbon dioxide emissions of 15% by 2025 and
37.5% by 2030 is expected in the passenger cars sector. With this aim,
the electrification of road vehicles seems to be one of the most promising
pathways to achieve these objectives. Nonetheless, the time needed to
massively electrify the fleet and some technical and economic barriers
may hinder the rapid spread of this innovative solution [5]. Hence, in-
ternal combustion engine (ICE) powered vehicles are expected to play a
predominant role until these barriers will be overcome [6]. In the last
decade, several technical solutions such as turbocharging, direct
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injection, variable valve actuation, and downsizing, have been adopted
for improving the efficiency of spark ignition (SI) engines. However, the
strict targets that have to be achieved in the upcoming years require
further efforts to improve brake thermal efficiency and reduce pollutant
emissions. Lean combustion represents a valuable solution for filling this
gap. Indeed, the reduction of the wall heat losses due to the decrease in
the combustion temperature [7] and the increment of the specific heat
ratios increase the thermodynamic efficiency. Moreover, the exploita-
tion of lean mixtures allows the control of the load acting on the injected
mass of fuel, reducing the negative pumping work [8], especially at part
loads. Nevertheless, the increase in combustion duration and the un-
stable ignition process [9] of lean mixtures may reduce the potential
benefits of such a solution to the point of seriously jeopardizing the
correct operation of the engine.

Various high-energy ignition techniques (i.e., plasma ignition, laser-
induced ignition, and pre-chamber ignition) have been proposed to
mitigate the above-mentioned issues. Among them, pre-chamber igni-
tion systems, enabling Turbulent Jet Ignition (TJI) operations have
demonstrated excellent potential in increasing ignition energy, short-
ening the duration of combustion, and improving combustion stability
[10,11]. This combustion system is made up of two separate chambers,
named pre-chamber (PC) and main chamber (MC), connected through a
series of nozzles. The spark plug ignites the pre-chamber mixture trig-
gering combustion, thus increasing PC pressure. When the flame reaches
the ducts that connect the two combustion chambers, hot turbulent jets
develop in the main chamber acting as distributed ignition points.
Pre-chamber ignition systems can be classified into two categories
(active or passive) on the base of the approach exploited to form the PC
mixture. In the passive pre-chamber concept, the entire mass of fuel
involved in the combustion process (both combustion chambers) is
injected either by a port fuel injection (PFI) or through a direct injection
(DI) system in the MC. Therefore, the properties of the PC mixture are
solely the result of the scavenging and filling processes that occur during
the compression stroke. In contrast, an additional injector placed in the
PC is used in the active pre-chamber to regulate the PC air-to-fuel ratio
(AFR). This allows for decoupling the MC AFR from that of the PC,
making possible the combustion of a stoichiometric mixture in the PC,
which in turn was demonstrated to enhance the ignition performances
and the MC combustion. Even though active pre-chamber system en-
ables the extension of the lean limit to higher AFRs, passive systems are
particularly suitable for automotive applications due to their smaller
component count, easier installation, and lower cost [12].

Nevertheless, in passive pre-chamber systems, the lack of additional
fuel injected into the pre-chamber makes the definition of its geometry
fundamental for achieving high combustion stability and improving
thermal efficiency. Indeed, the growth of the flame kernel and the flame
propagation in the pre-chamber are heavily affected by the local con-
ditions of the mixture, which in turn purely depend on the scavenging
process. The majority of this process, governed by the pre-chamber
geometrical characteristics, occurs during the compression stroke
[12-14], reducing the time available for the fresh gases to reach the
spark plug region. This adverse phenomenon is even magnified in
low-load and high-speed conditions, as the scavenging process is slowed
down [15-17], and for highly diluted mixtures because of the reduction
of the total energy available in the pre-chamber [13]. Moreover, during
the cold start phase, a larger amount of the pre-chamber energy is
dissipated as heat through the cold surrounding walls, hindering flame
propagation [18].

Pre-chamber design affects the combustion process in the main
combustion chamber, too. Indeed, the ignition of the MC mixture is
triggered by the jets that exit from the pre-chamber nozzles through
chemical, thermal, and turbulent effects [19]. These jets convey hot and
active species resulting from the combustion in the pre-chamber that act
as multiple and distributed ignition points into the main chamber.
Additionally, the highly turbulent nature of the jets favors their spread
over a wide portion of the combustion chamber and increases the

Transportation Engineering 19 (2025) 100301

intensity of the turbulent flow field, enhancing the rate of combustion.
Biswas et al. identified two ignition mechanisms namely jet ignition and
flame ignition [20]. In the first mechanism, named jet ignition, the PC
flame is quenched when passing through the nozzles, and the MC
combustion is solely triggered by the chemical effects of the PC hot
combustion products. As the orifice diameter increases, a jet of wrinkled
turbulent flames containing incomplete combustion products can
emerge in the MC (flame ignition), reducing the ignition delay. How-
ever, for too large orifice diameters, the reduction of the pressure dif-
ference between the pre- and main chamber decreases the jet velocity
and the ejection process leads to a ‘mushroom clouds’ structure, in
which the majority of the pre-chamber combustion products are deliv-
ered near the nozzle exit [21]. This leads to a lengthening of the com-
bustion duration since the volume of the combustion chamber where the
ignition takes place is quite small and located near the pre-chamber
nozzles. On the contrary, smaller diameters generally lead to faster
burn rates since higher jet velocity increases the turbulence level and
distributes more uniformly to the ignition sites [21,22]. At the same
time, for too small orifices, the negative effect due to nozzle flame
stretch and heat losses, liner wall quenching, and the reduced jet
dimension become predominant [23], increasing combustion duration.
Besides the overall exchange area between PC and MC, also the number
of nozzles has been shown to influence combustion duration [24].
Generally, a higher number of orifices leads to faster combustion pro-
cesses since the combustion of premixed gases included between adja-
cent jets is promoted [25]. Therefore, the design of the ducts connecting
the pre-chamber to the main combustion chamber is a multi-objective
problem that requires keeping into account several heterogeneous
phenomena. Recently, extensive research on pre-chamber ignition sys-
tems has been conducted with the aid of multi-dimensional numerical
simulations, as they can provide detailed insights that cannot be ob-
tained through experiments alone. These simulations, indeed, allow for
a deeper understanding of combustion dynamics while reducing both
costs and time, making them a valuable tool in optimizing pre-chamber
designs and combustion processes. While a substantial body of literature
exists on large-bore engines [26-30], there is relatively less research
available on small engines used in automotive applications. In [31], the
experimental data gathered from an active pre-chamber TJI system
fuelled with methane were complemented with numerical simulations
to gain a detailed view of both physical and chemical phenomena
occurring in the pre-chamber and the main chamber. In [32], the
development process of a scavenged pre-chamber for a similar appli-
cation is reported, including both experiments and simulations. Never-
theless, the combustion process was modeled through a simplified
approach which does not include detailed reaction kinetics. In [33], the
same test case was exploited to assess the impact of different
pre-chamber volumes on the combustion process, considering both
stoichiometric and lean operating conditions. In [34], the gas-dynamic
interactions between the two combustion chambers in an engine fuel-
led with gasoline were investigated through a three-dimensional nu-
merical model relying on the Reynolds Averaged Navier-Stokes (RANS)
equations. Additionally, two different nozzle diameters were numeri-
cally tested to assess the effect on pre-chamber scavenging, jet forma-
tion, and combustion. It was found that pre-chamber scavenging is
improved with a larger nozzle area (Apgz), whereas smaller Apgyse
produces jets with higher velocity and longer penetration. Novella et al.
[35], conducted a computational study to explore the limiting factors of
the combustion process in a gasoline TJI engine. They found that
pre-chamber scavenging is independent of the pre-chamber geometry as
long as the ratio between A,y and the pre-chamber nozzle remains
within an acceptable range. Similarly, Liu et al. [36], examined the ef-
fects of pre-chamber design on the combustion process in a gasoline TJI
engine, revealing that an optimized pre-chamber design enhances flame
propagation while suppressing knock. However, few studies have sys-
tematically investigated the effects of varying nozzle configurations on
the combustion characteristics in small engines for automotive



A. Piano et al.

applications, leaving the key design factors for system optimization still
unclear. Therefore, in the present work, a three-dimensional computa-
tional fluid dynamics (3D-CFD) parametric study on the PC nozzle
characteristics is performed to assess their effect on combustion per-
formances and to define the key factors that have to be considered
during the design definition of such combustion systems. The paper is
organized as follows: first, the validation of the numerical model against
experimental data is presented in two operating conditions (stoichio-
metric and lean). Then, starting from the nozzle configuration used in
the experimental campaign, a sensitivity analysis of the total nozzle
cross-sectional areas (sweep of nozzle diameter at constant nozzle
number) and nozzle diameter (sweep of nozzle number at constant
cross-sectional area) is performed. Specifically, the paper will initially
focus on the analysis of pre-chamber combustion and then on the evo-
lution of the combustion process in the main chamber, highlighting the
effects that different nozzle structures have on the behavior of the tur-
bulent jets, and therefore on the ignition process and burn rate of the
main chamber mixture. The experimental activity was carried out at
CNR STEMS laboratories in Naples, while numerical simulations were
performed at the HPC@POLITO, the High-Performance Computing
Center of the Politecnico di Torino.

2. Case study
2.1. Engine specifications

The experimental study was conducted on a single-cylinder naturally
aspirated gasoline metal engine whose main geometrical parameters are
reported in Table 1. The original conventional SI engine has a
compression ratio of 11.5 and features a 4-valve pentroof combustion
chamber with a central spark plug and a side housing for the injector, to
enable direct injection operations.

The pre-chamber was properly designed to replace the central spark
plug. It has a volume of 2.2 cm® which corresponds to 7.2% of the
clearance volume (V). Therefore, the original compression ratio (CR) of
11.5 is lowered to 10.5 when the system is equipped with pre-chamber.
The PC exploited for the experimental campaign has 4 nozzles with a
diameter and a length of 1 mm, which target the jets in between the four
valves. The total Apgze to pre-chamber volume ratio (Anoze /Vpc) is
usually exploited to characterize PC geometry. In this case study, the
noticeably large Vpc leads to a reduction of the A;yz.7./ Ve up to 0.017, a
value well below what is commonly found in the literature [37].

As shown in Fig. 1, the PC is made up of an elongated cylindrical
section (bottom), and a portion of a truncated cone (up). The cylindrical
portion is characterized by a high length-to-diameter (L /D) ratio to
avoid any interference of the pre-chamber with the intake ports and the
engine cooling jacket. The upper section of the pre-chamber features a
larger diameter to allow the installation of both the spark plug and an
additional injector to operate the system in active mode too (not used in
the present study). Due to these geometrical constraints, the spark is
located in a region where the replacement of the residual gases by the
fresh mixture is particularly challenging. This aspect is exacerbated by
the low Aoz /Vec ratio which further hinders the overall scavenging
and filling of the PC. Therefore, all things considered, the geometry of
the adopted PC results to be particularly appropriate for the optimiza-
tion procedure covered in the present study. The geometrical

Table 1
Engine specifications.
Displacement [em?] 250
Bore [mm] 72
Stroke [mm] 60
Compression Ratio [-] 11.5 (SD)
10.5 (TJD
Max Power [kW] 16 @ 8000 rpm

Max Torque [Nm] 20 @ 5500 rpm
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Fig. 1. Cross-sectional view of the main combustion chamber (hot pink), pre-
chamber (grey), injector, and spark plug housing (green).

characteristics of the pre-chamber are summarized in Table 2.
2.2. Working conditions

In this research activity, experimental and numerical investigations
were carried out on two working points on the wide-open throttle
(WOT) curve at medium-high engine speed. For each of the two oper-
ating conditions, 400 consecutive engine cycles were acquired to mini-
mize the effects of cycle-to-cycle variations, a value consistent with
those commonly reported in the literature [38-40]. In these operating
conditions, the limited time available for the PC scavenging and filling
could severely jeopardize combustion stability to the point of making
the operation of a passive pre-chamber system [41] unfeasible. As
shown in Table 3, when the engine is operated under stoichiometric
conditions, an acceptable cycle-to-cycle variability is achieved, as
highlighted by the IMEP coefficient of variation (COVpygp) which is
lower than 1%. Nonetheless, as the AFR increases to 1.2, a considerably
large spark advance (SA) is needed to guarantee a suitable phasing of
MC combustion because of the lowering of the flame propagation speed.
Therefore, combustion is triggered when a large amount of residual
gases is still present inside the pre-chamber, thus hindering combustion
stability, and resulting in higher COVppgp (COVpgr > 2%). In this
working point, higher AFRs were not investigated since vehicle drive-
ability issues usually result when COVpep exceeds about 2 to 5%,
depending on engine operating conditions [42].

The instrumentation used in the experimental campaign is reported
in Table 4, along with the accuracy and range of the instruments.

2.3. Test matrix

To study the impact of the geometrical features of the nozzles on the
system behavior, a test matrix was defined (Table 5) as a function of the
number and diameter of the nozzles. Starting from the base configura-
tion of the pre-chamber with 4 circular nozzles with a diameter of 1.0
mm, two additional configurations with the same number of nozzles, but
different diameters were tested (central column of Table 5). Specifically,
the base diameter of 1.0 mm was increased by 20% and 40%. The choice
of increasing the nozzle diameter was driven by the significantly low
nozzle total cross-sectional area to pre-chamber volume ratio of the

Table 2
Pre-chamber geometrical specifications.
[em®] 2.2

Vic/Ve [%] 7.2
Number of nozzles [-1 4
Nozzle diameter [mm] 1
Anozzte | Vec [em™ 0.017
L/D [-] 3.4
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Table 3
Operating conditions at 4000 rpm considered for the numerical analysis.

4000 rpm IMEP COVimep Spark timing
[bar] % [CA aTDCf]
WP #1 Lambda 1.0 9.71 0.785 —-25
WP #2 Lambda 1.2 8.73 2.32 -69
Table 4

Experimental instrumentation used in the study, with their respective range and
accuracy specifications.

Parameter Instrumentation Range Accuracy

Cylinder Pressure  Pressure transducer AVLGHID 0 - 150 bar -

Crank Angle Angle Encoder AVL364 600 — 6000 +0.02 deg

rpm

Air Mass Flow Sensicon SensyFlow DN25 0-60 kg/h +0.4kg/h
rate

Fuel Oval Gear flow meter VZS- 0.005-15L/ +1.5%
Consumption 005-VA m

Lambda Bosch LSU 4.9 0.8-1.7 + 0.05

Table 5
Total nozzle area to pre-chamber volume ratio (Apezze/Vec) for the tested
geometrical configurations expressed in cm™.

Number of nozzles

6 4 3
Diameter [mm] 1.0 0.0245 0.0170
1.2 0.0245
1.4 0.0334 0.0245

original configuration, compared with most of the values available in
the literature [30,43-45]. In this way, the base A,/ Vpc ratio was
increased from 0.0170 cm’ to 0.0245 cm™ and 0.0334 cm™ for the
pre-chambers with a diameter equal to 1.2 mm and 1.4 mm, respec-
tively. Then, two additional pre-chamber configurations with constant
Apogate Were tested. To do this, the number and the diameter of the
nozzles were simultaneously varied. Overall, three pre-chambers with
constant Apez. Were designed. One of these, i.e. pre-chamber with 4
nozzles and a diameter of 1.2 mm, is in common with the previous set.
The remaining two pre-chambers have 6 and 3 nozzles, with a diameter
of 1.0 mm and 1.4 mm, respectively, and are displayed on the diagonal
of Table 5. To simplify the reference to each pre-chamber geometry, the
following naming convention will be employed: D (Diameter of the
single nozzle expressed in tens of mm), N (Number of nozzles). For
example, the base geometrical configuration with 4 nozzles, each of
them with a diameter equal to 1.0 mm, will be referred to as D10N4.
Regarding the simulation methodology, a sweep of spark timing was
performed to achieve the same combustion anchor angle (i.e. the
MFB50) for all the tested configurations. The large range of Aozz. /Vec
in this study would have allowed the optimization of the spark timing
(ST) to achieve higher loads and efficiencies. Nevertheless, it was
preferred to neglect possible effects due to the calibration of combustion
phasing to assess the impact of the geometrical features of the nozzles on
combustion performance solely due to thermodynamic effects.

3. Simulations
3.1. Numerical setup

The commercial software CONVERGE CFD v3.0 was employed to
perform the numerical simulations. As far as the discretization of the
computational domain is concerned, its patented cut-cell technique was
adopted. Therefore, the volume was discretized through an orthogonal
mesh, with a base grid size set equal to 2 mm, determined through a grid
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sensitivity analysis and consistent with the approach used in the au-
thors’ previous works [46,47]. Local mesh refinements, allowing to
reach a minimum grid size of 0.125 mm, were added in the connecting
ducts and the spark plug region. Additionally, the Adaptive Mesh
Refinement (AMR) algorithm was exploited to automatically refine the
mesh where large velocity and temperature gradients (i.e. boundary of
the turbulent jets and flame front) develop. This approach made it
possible to keep the total cell number between 700.000 (end of the
compression stroke) and 3 million (beginning of the exhaust stroke),
thus decreasing the computational costs, without compromising the
accuracy of the simulation. A first-order implicit Euler scheme was used
for temporal discretization with a variable time step limited by the
convection Courant-Friedrichs-Lewy (CFL) number (1), diffusion CFL
(2), and Mach CFL (50). Conservation equations were solved through the
Pressure Implicit with Splitting Operator (PISO) algorithm of Issa [48]
coupled with the Rhie-Chow scheme. Boundary conditions, in terms of
pressure, temperature, and species concentrations were gathered from a
1D GT-SUITE engine model. The PFI injection event was not modeled,
but the fuel was considered perfectly vaporized and homogeneously
distributed when entering the system boundary (intake port side), and
therefore directly included among the inflow species. Indeed, for en-
gines with small displacement volumes equipped with PFI systems, the
level of mixture homogeneity achieved just before combustion is quite
high, making it unnecessary to accurately model the injection process.
Additionally, such a hypothesis has been considered valid in light of the
results obtained (Section 3.2). To account for the pre-chamber residuals,
which might significantly affect engine operations, the entire
pre-chamber volume was initialized using only combustion products
resulting from the complete combustion in the pre-chamber of the pre-
vious engine cycle. A RANS approach was used, coupled with the
renormalization group (RNG) k-¢ model [49]. Among the various com-
bustion models available, the SAGE detailed chemical solver [50] was
adopted in the present work for a few reasons. First, this model is
capable of accounting for multiple and distributed ignition sources, as it
usually occurs in TJI engines. Second, for highly turbulent flow fields
and in lean conditions (typical conditions of TJI operation), the com-
bustion process could shift into combustion regimes where the
flamelet-based models (e.g. G-equation and Extended Coherent Flamelet
Model) may no longer be suitable, at least from a formal perspective
[51]. Finally, the choice of a combustion model entirely based on
detailed chemistry, which does not require the calibration of any
particular combustion parameters, intrinsically favors the predictivity of
the model, providing further robustness to the work. The properties of
the gasoline used for the experimental tests were reproduced employing
a Toluene Reference Fuel (TRF) made up of 71,36% toluene (C7HS8), 6,
60% isooctane (C8H18), 22,04% n-heptane (C7H16), as proposed in
[52]. The combustion mechanism developed by Wu et al., including 165
species and 839 reactions [53] was adopted to describe the combustion
process. Finally, ignition was modeled through a two-step energy pro-
file, to mimic the breakdown and the arc and glow phases.

3.2. Model validation

The bar chart reported in Fig. 2 displays the comparison between the
experimental data and the simulation outcomes in terms of Peak Firing
Pressure (PFP) and its angular phasing (CApgp), 50% of mass fraction
burned (MFB50), and combustion duration (MFB10-90) for the two
operating engine conditions under investigation highlighted in Table 3.
The height of each white column is representative of the experimental
median cycle, obtained by sorting the 400 consecutive cycles in
ascending order of PFP. For each of the mentioned indices, the error bar
(+ 20) is also reported to depict the statistical variability. As already
mentioned in Table 3, as the mixture is enleaned, the reduced scav-
enging induced by the advance of the ST and the more unstable ignition
and combustion processes considerably enlarge the variability range.
Even though the simulated combustion duration is slightly
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Fig. 2. Comparison between experimental median and numerical Peak Firing
Pressure (a), Crank Angle of Peak Firing Pressure (b), Mass Fraction Burned 50
(c), Mass Fraction Burned 10-90 (d).

underpredicted in both operating conditions (Fig. 2d), numerical results
fall within the experimental variability, indicating a general good
agreement with the experiments. Moreover, the numerical model is
capable of describing quite accurately the reduction of PFP, the incre-
ment of MFB50, and MFB10-90, and the delay of CApgp as the engine is
operated with an excess of air. Therefore, the developed model is
considered accurate enough to be exploited to perform a parametric
study on the PC nozzles characteristics. Further details concerning
model validation are reported in [54].

4. Results

Since the objective of the present work is not only to assess the
impact of pre-chamber hole geometry but also to establish guidelines for
the analysis of TJI combustion, only results corresponding to the stoi-
chiometric working point are reported in this article. This choice is
further supported by the fact that results obtained under both stoi-
chiometric and lean conditions are nearly identical, exhibiting consis-
tent trends, patterns, and responses to geometrical modifications.

4.1. Combustion analysis

Fig. 3 shows the evolution of PC and MC pressure and their difference
along with the normalized Heat Release (HR) in MC and PC for the three
geometrical configurations with variable A,;y,,;.. MC pressure is equal for
the three tested configurations before the start of combustion (SoC),
whereas PC pressure is lower than that of the MC and increases with the
total Appzze thanks to the increased permeability of the pre-chamber.
Therefore, a higher amount of fresh charge fills the PC, favoring a
more efficient scavenging process which in turn should ensure a more
stable combustion process. When combustion is triggered in the PC, the
expansion of the hot burned gases causes pre-chamber pressure to
rapidly increase, exceeding MC pressure. Initially, this leads to the
ejection of cold jets (CJE) in the MC containing the mixture located in
the lower portion of the PC. At a later time, as the flame reaches the
connecting ducts, hot and chemically active jets develop in the MC,
igniting the mixture, as confirmed by the rise of the HR curve. The
pressure difference established between the two combustion chambers
during PC combustion plays a fundamental role in determining the
duration and intensity (speed) of the jets. A larger pressure difference is
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Fig. 3. Main chamber pressure, pre-chamber pressure, pressure relative dif-
ference (left axis), and normalized heat release (right axis) for the geometrical
configurations with constant nozzle number and variable diameter (D10N4,
D12N4, and D14N4).

normally expected for smaller A, because of the lower PC perme-
ability. In this specific case study, this trend is met for the pre-chambers
D12N4 and D14N4, whereas a lower pressure difference is observed for
the configuration D10N4. This can be ascribed to the advance of the
phasing of the PC combustion which is needed to achieve the target
MFB50. Indeed, the combination of the smaller total exchange area with
the advance of the PC combustion, limits the scavenging, reducing the
intensity of the combustion in PC. This causes a weaker build-up of PC
pressure, which consequently reduces the intensity of the jets. There-
fore, for pre-chamber D10N4 a substantial slowdown of MC combustion
is noticed if compared to pre-chamber D12N4. Instead, pre-chamber
D14N4 shows a similar combustion rate to that of D12N4 even though
the lowest pressure difference is achieved. Indeed, the larger overall
area of the connecting ducts is capable of outweighing the lower pres-
sure difference, thus increasing the total mass flow rate of the jets which
is delivered in the MC. To summarize, if the nozzles are excessively
small, PC scavenging is reduced, which necessitates advancing the ST,
ultimately resulting in slower burn rates.

When pre-chambers with constant A, are considered (Fig. 4), PC
pressure is the same until the ST. Indeed, the equal exchange area be-
tween the two combustion chambers generates the same resistance to
the passage of the mixture from the MC to the PC. Therefore, the same
amount of fresh mixture is expected to fill the PC. Nonetheless, the
different spatial interaction between the high-speed jets that enter the
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Fig. 4. Main chamber pressure, pre-chamber pressure, pressure relative dif-
ference (left axis), and normalized heat release (right axis) for the geometrical
configurations with constant total nozzle area (D14N3, D12N4, and D10N6).

PC during the last phase of the compression stroke generates different
turbulent flow fields, which in turn modify the local distribution of the
residual gases. Pre-chamber D14N3 requires more advanced spark
timing to achieve the target combustion anchor angle. Therefore, the
scavenging process effectiveness is limited, thus lowering the amount of
energy released in the PC and reducing the PC pressure rise. Accord-
ingly, also the pressure difference between MC and PC is reduced, and
hence MC combustion duration increases. On the other side, the similar
evolution of PC combustion for pre-chambers D12N4 and D10N6 gen-
erates comparable PC pressure traces and MC combustion duration.

To enable a more quantitative assessment of the previously analyzed
data, Fig. 5 presents the overall combustion durations (MFB0-90) for the
five investigated configurations, systematically categorized into
MFB0-10, MFB10-50, MFB50-75, and MFB75-90 phases. Among the
pre-chambers with constant nozzle number (i.e., D10N4, D12N4, and
D14N4), configurations D12N4 and D14N4 display a similar MFB0-90
(23.7 CAD, and 25.2 CAD for configurations D12N4, and D14N4,
respectively), while for configuration D10N4 the MFB0-90 lasts 31.8
CAD. When considering pre-chambers with constant A, (i.e., D14N3,
D12N4, and D10ON6), pre-chamber D12N4 minimizes combustion
duration (MFB0O-90 = 23.7 CAD). Configuration D10N6 leads to a
slightly slower combustion process (MFB0O-90 = 25.2 CAD). The pri-
mary differences between these two configurations are concentrated in
the last two combustion phases (i.e., MFB50-75 and MFB75-90), while
the initial phases (i.e., MFB0-10 and MFB10-50) remain nearly
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Fig. 5. Overall combustion duration (MFB0-90) split into MFBO0-10,
MFB10-50, MFB50-75, and MFB75-90 for constant pre-chamber nozzle num-
ber (a), and constant nozzle area (b).

constant. In contrast, configuration D14N3 significantly lengthens
combustion (MFB0-90 = 32.9 CAD). Among all the configurations,
D10N4 and D14N3 designs lead to significantly longer combustion
processes, exhibiting increases of almost 35% and 40% compared to
configuration D12N4, respectively. For these two configurations, the
increment in combustion duration is distributed across all four com-
bustion phases.

In Sections 4.1 and 4.2, the combustion process occurring in the pre-
chamber and main chamber is analyzed in detail, to provide a
comprehensive explanation for the observed trends.

4.2. Pre-chamber combustion

A detailed analysis of PC combustion can be useful to explain the
different evolutions of PC pressure shown in the previous section.
Indeed, the pre-chamber is an open system that exchanges gases and
energy with the MC before the SoC, during, and after the combustion in
the PC has occurred. Hence, the evaluation of the total mass of fresh
mixture that enters the PC before the SoC is not sufficient to characterize
PC combustion, but a more accurate analysis is required. For this pur-
pose, two different approaches were adopted in this study. The first
method splits the PC energy into two contributions on a time basis,
namely PC fuel power at ST (FP at ST) and PC fuel power before cold jet
ejection (FP bCJE). Specifically, the PC energy at ST was computed as
the mass of fuel in PC at ST multiplied by the fuel lower heating value
(LHV). The same approach was exploited for evaluating the PC fuel
power bCJE, although in that case, the start of cold jet ejection was used
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to identify the end of the measurement window. The term FP bCJE is
representative of the PC combustion duration, while the sum with the
term FP at ST provides a first estimation of the total amount of energy
that enters the PC. Nonetheless, since not all the fuel that enters the PC is
burned inside it, an additional analysis was performed. In particular, PC
energy was divided into 5 contributions named:

e Heat Release before Hot Jet Ejection (HR bHJE) is computed as the
cumulative energy released in PC before the appearance of the hot
jets into the MC decreased by the pre-chamber wall heat transfer
estimated within the same angular window

e Heat Release during Hot Jet Ejection (HR dHJE) is computed as the
cumulative energy released in PC in the angular time frame that goes
from the initial appearance of the hot jets into the MC until the End of
the Ejection (EoE) process decreased by the pre-chamber wall heat
transfer estimated within the same angular window

e Cold Jet Losses (CJL) is computed as the product between the fuel
LHV and the mass of fuel that leaves the PC during the CJE phase

e Heat Losses (HL) are computed as the total heat transfer to the PC
walls from the ST till the EoE

e Heat Release after HJE (HR aHJE) is representative of the energy
released in the PC after the EoE, without considering the contribu-
tions due to the oxidation of partial combustion products that enter
the PC after the EoE

Among the five mentioned terms, the first two are directly involved
in increasing the energy of the jets that ignite the MC. The energy
associated with the CJE does not help in triggering MC combustion but
favors the early growth of MC turbulence. Instead, HL and HR aHJE do
have not any beneficial effect on MC combustion and therefore have to
be minimized.
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Fig. 6. Pre-chamber energy contributions (top) and normalized pre-chamber
energy split (bottom) for the geometrical configurations with constant nozzle
number and variable diameter (D10N4, D12N4, and D14N4).
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Fig. 6 displays the pre-chamber energy split for pre-chambers with
constant nozzle number and variable diameter following the above-
mentioned definitions. In the left column PC energy is divided into PC
energy at ST and PC energy bCJE, whereas in the right column in HR
bHJE, HR dHJE, CJL, HL, and HR aHJE. Absolute values are reported in
the top row and the normalized energy contributions are displayed in
the bottom one. In accordance with the results shown in Fig. 3, the
quantity of fresh mixture that fills the PC (i.e., PC at ST) rises with A,
because the connecting ducts’ resistance to the flow passage is reduced
as the total Ay, grows. Indeed, for PC D10N4, the total amount of
chemical energy which enters the pre-chamber during the scavenging
and filling processes is equal to 24.3 J, while 32.8 J and 34.2 J for pre-
chambers D12N4 and D14N4 respectively (i.e., +35% and +40%
compared to the baseline PC). Additionally, the enhanced scavenging
leads to a reduction in the duration of PC combustion. Hence, the total
amount of chemical energy that enters the PC from ST until the start of
the CJE reduces for a larger Ay, suggesting a faster PC pressure rise
upon the ST. Moving to the analysis of PC combustion, it can be noticed
that the highest overall ignition energy, given by the sum of the energy
released before and during the ejection of the hot jets (HR bHJE and HR
dHJE), is obtained for pre-chamber D12N4 and it corresponds to roughly
21 J, i.e. more than 2 orders of magnitude larger than the energy
released by a conventional spark plug [55] (17.2 J and 18.9 J for PCs
D10N4 and D14N4, respectively). For smaller A;,,;. (D10N4), the en-
ergy released in PC is limited by poor scavenging, while for a larger
Anozzie (D14N4) the higher permeability of the pre-chamber leads to an
increase in the fuel that is pushed outside the PC within the cold jets, as
shown by the CJL bar. As a matter of fact, while for PC D10N4, the
energy lost due to the ejection of the cold jets corresponds to 10% of the
total pre-chamber chemical energy, this term increases to 21% and 32%
for PCs D12N4 and D14N4, respectively. Overall, only 70% of the
pre-chamber fuel energy effectively contributes to the main chamber
ignition for PC D10N4, 65% for PC D12N4, and 55% for PCD14N4, with
the values obtained in the present study being well aligned with those
reported in [35].
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Fig. 7. Pre-chamber energy contributions (top) and normalized pre-chamber

energy split (bottom) for the geometrical configurations with constant total
nozzle area (D14N3, D12N4, and D10N6).
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Fig. 7 shows the same PC energy breakdown described above but for
the PC configurations with constant nozzle cross-sectional area. A sen-
sible increase in the maximum PC chemical energy is observed for pre-
chambers D12N4 and D10N6 compared to D14N3. This is due to the
faster PC combustion that allows the delay of the ST, thus favoring the
scavenging of the pre-chamber. Instead for the configuration D14N3, an
advanced ST is required to keep fixed the combustion anchor angle as a
result of the lowest combustion rate in MC, as reported in Fig. 4.
Moreover, as highlighted by the FP bCJE term, pre-chamber D14N3
leads to the slowest PC combustion because of the worsening of the
scavenging induced by the early ST. Differently from PC configurations
with variable Ap,z., here the losses of chemical energy conveyed by the
cold jets are rather constant in relative terms, as expected (17%, 21%,
and 22% of the total pre-chamber energy for PCs D14N3, D12N4, and
D10NG®, respectively). Finally, wall heat losses are similar both in ab-
solute and relative terms for pre-chambers D12N4 and D10N6, while PC
configuration D14N3 exchanges more heat with the surroundings
because of the longer PC combustion duration. Therefore, taking
everything into account and considering the highest ignition energy
(sum of HR bHJE and HR dHJE), the D12N4 pre-chamber represents the
optimal configuration among the tested geometries.

It is interesting to highlight how the different permeability of the pre-
chambers influences the PC pressure evolution. Indeed, besides the
pressure difference between the two combustion chambers, the number
and the diameter of the PC nozzles impact the rate of pressure rise too.
To quantitatively characterize this aspect, the derivative of the PC
pressure was computed in the angular interval during which the tur-
bulent jets develop and reported in Fig. 8. The pre-chamber with the
smallest Az (i.e. DION4) reaches the maximum value of the deriva-
tive of the PC pressure because of the lowest permeability that generates
a strong resistance to the flow of the jets. At the same time, the geometry
with the largest Ao, (i.e. D14N4) features a reduction in the peak
value of the PC pressure derivative almost proportional to the increase in
the Apozze- As reported in Fig. 6, these two geometries have comparable
energy released in the PC. Therefore, the rate of pressure increase solely
depends on the geometrical features of the connecting ducts. Addition-
ally, the rate of pressure rise of pre-chamber D14N4 shows a two-step
growth. First, it increases because of the rise of the pressure difference
between the two combustion chambers. Then, when combustion is
triggered in the PC, the expansion of the hot burned gases increases PC
pressure, and the fast feeding of gases from the pre-chamber to the main
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Fig. 8. Pre-chamber pressure derivative as a function of the crank angle for the
5 nozzle geometries.
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chamber temporarily interrupts the rate of PC pressure rise. Finally,
when the PC burning speed increases, pressure losses due to the ejection
of the jets are more than outweighed by the pressure build-up generated
by the expansion of the burned gases. Concerning the three pre-
chambers with constant A, the maximum value of the PC pressure
derivative lies within a narrower band. Nonetheless, the fastest PC
combustion in configuration D12N4 favors a faster PC pressure rise.

4.3. Main chamber combustion

As previously stated, the ignition of the MC mixture is triggered by
the hot turbulent jets that emerge from the pre-chamber nozzles. The
turbulent jets contribute to the ignition of the MC charge through three
mechanisms. Indeed, they continuously deliver in the MC high-
temperature gases (thermal effect) containing reactive species (chemi-
cal effect), that result from the PC combustion and act as ignition sites.
Additionally, they increase the turbulence intensity (turbulent effect) in
the main combustion chamber, which helps in distributing the inter-
mediate chemical species over a wider volume and speeding up the
combustion process when the ejection process is over. A dedicated
method was defined in [54] to quantify the impact of each contribution
to the ignition and combustion of the MC. It consists of the split of the
main chamber mass in 30 levels on the base of Turbulent Kinetic Energy
(TKE), the temperature of the unburned gases, and the mass fraction of
OH. In particular, the lower threshold of the turbulent intensity was
defined to cut off any turbulent contribution generated by the intake
process, whereas the upper bound was chosen to include the strongest
turbulent fluctuation of the velocity field. From a thermal point of view,
the analysis was focused only on the unburned gases. Therefore, the
upper-temperature value was defined as equal to 950 K, and the mass of
gases with a temperature higher than that was assigned to this level.
Finally, the mass fraction of OH was exploited to determine the chemical
contribution of the turbulent jets to the MC ignition and to assess
combustion intensity. OH concentration was chosen for this purpose
since it is not entirely consumed by the passage of the flame front, but it
remains behind it until the oxidation reactions are completely over.
Therefore, it is appropriate to indicate the mass of the MC mixture that is
involved in the combustion process. For additional details concerning
the interpretation of the plots below, please refer to [54].

Starting from pre-chamber D10N4 (Fig. 9(a)), three phases of the
ignition process can be identified:

e Cold Jet Ejection (CJE) — The unburned gases that are located in the
bottom section of the PC are pushed into the main combustion
chamber by the expansion of the hot burned gases. The temperature
of these jets is low and they do not contain either partial or complete
products of combustion, as confirmed by the total lack of OH radicals
(Fig. 8(a3)).

Hot Jet Ejection (HJE) — The flame front in the PC has swept the
entire PC volume and has reached the ducts that connect the two
combustion chambers. The feeding of high-temperature gases in-
creases MC temperature and effectively ignites the mixture. At this
stage, two islands appear on the surface describing the evolution of
the MC temperature (Fig. 9(al)): the upper one identifies the portion
of the MC gases that are directly entrained by the hot turbulent jets,
thus immediately achieving a temperature higher than 950K.
Instead, the diagonal trace is representative of the temperature of the
gases that surround the jets and are heated through convection by
them. Because of this, these gases do not quickly reach the highest
temperature level, but the rate of temperature increase is determined
by several parameters such as the temperature of the jets, their in-
tensity, and spatial distribution. At the same time, the increase in the
mass flow rate delivered from the PC into the MC favors the rapid
growth of the turbulence intensity (Fig. 9(a2)) and the first appear-
ance of OH radicals conveyed by the reactive jets is noticed (Fig. 9

(a3)).
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Fig. 9. Main chamber temperature (top), Turbulent Kinetic Energy (middle), and OH mass fraction (bottom) for the geometrical configurations with constant nozzle

number (D10N4, D12N4, and D14N4).

e End of Hot Jet Ejection (EoHJE) — The ignition of the MC mixture by
the HJE and the consequent progression of MC combustion increase
MC pressure, putting an end to the HJE phase. Within this phase, MC
unburned gases are consumed by the flame fronts which propagate
from the boundary of the extinguished jets, achieving the highest
temperature level (Fig. 9(al)). This is confirmed by the trend of the
OH mass fraction, which rapidly rises after the EoHJE (Fig. 9(a3)).
Finally, the interruption of the mass delivered in the MC from the PC
generates a reduction of the turbulent flow field intensity. None-
theless, the decay of the most intense turbulence helps in sustaining
turbulent motions to considerably high values long after the EoHJE,
increasing combustion speed.

Fig. 9 displays the evolution of TKE, unburned gas temperature, and
OH mass fraction for pre-chambers with variable Az, starting from
the appearance of the cold jets. As the nozzle cross-sectional area
(Anozste) increases, the duration of the CJE phases increases too, as
highlighted by the delay of the temperature rise and OH mass fraction
appearance. This is also confirmed by the MC temperature distribution
shown in Fig. 10. Indeed, 5 crank angle degrees (CAD) after the start of
the CJE phase (Fig. 10(a)), the hot jets are apparently visible only for
pre-chamber D10N4. Instead, for pre-chambers D12N4 and D14N4, they
are scarcely discernible and totally absent, respectively. However, the
larger mass conveyed by the hot turbulent jets of pre-chamber D12N4
partially compensates for the delay induced by the lengthening of the
CJE phase, as confirmed by the steeper temperature rise displayed in
Fig. 9(b1). As a matter of fact, PC D12N4 displays the largest portion of
MC volume entrained by the hot jets 10 CAD after CJE (aCJE) already
(Fig. 10(b)). After the EoHJE (Fig. 10(c)-(d)), PC D12N4 shows a

sensible faster growth of the flame front, compared to PC D10N4 and
D14N4. This is probably due to the more intense turbulent flow field
generated by this nozzle geometry (D12N4). As seen in the previous
section, the geometrical configurations with a lower Ap,,. (D10N4)
feature a faster development of the turbulent flow field, proportional to
the PC rate of pressure rise, as highlighted by the larger TKE gradient
(Fig. 9(b), left side of the figure). Nonetheless, the higher energy
released in PC D12N4 favors the development of more intense jets,
which in turn generate stronger turbulences. Fig. 11, showing MC TKE
distribution, helps in understanding these two aspects also from a
qualitative point of view. 5 CAD aCJE, the jets exiting from PCs D10N4
and D12N4 have a similar structure, made up of a highly turbulent core
and a peripherical, less turbulent portion. In contrast, at the same time,
the jets generated by geometry D14N4 are less developed, with a shorter
penetration and an average lower turbulent intensity. Then, immedi-
ately before the EoHJE (10 CAD aCJE), the more intense combustion of
PC D12N4 promotes the advancement of the turbulent jets far in the
combustion chamber, closer to the cylinder liner. Finally, after the
EoCJE (15 and 20 CAD aCJE), a single highly turbulent region, aligned
with one of the four pre-chamber nozzles (top nozzle) is clearly visible
for pre-chamber D10N4, while two (top and left nozzles) and three (top,
left and bottom nozzles) of them are detectable respectively for con-
figurations D14N4 and D12N4. Therefore, the more intense turbulent
flow field noticed in PC D12N4 favors the reduction of the combustion
duration by enhancing the speed of the turbulent flame propagation.
This is indicated by the largest amount of OH mass fraction (Fig. 9(b3))
and also by the considerably highest mass of MC mixture with a tem-
perature higher than 950 K (Fig. 9(b)) achieved for pre-chamber D12N4
(82%) 20 CAD aCJE, compared to D10N4 (65%) and D14N4 geometries
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(67%).
Fig. 12 shows the evolution of TKE, unburned gases temperature, and
OH mass fraction for pre-chambers with constant A, starting from
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the appearance of the cold jets. Even though the permeability of these
three geometries is constant, there are small differences in the duration
of the CJE phase, as confirmed by the temperature distributions shown
in Fig. 13(a). This is probably due to two concurrent effects. First, for
pre-chamber D14N3 (shortest cold jet duration), the flame front could
be located nearer to one of the PC nozzles when the CJE process begins,
thus reducing the time needed by the flame to reach the MC. Second, a
larger nozzle diameter induces a weak resistance to the passage of the
flame through it, decreasing the probability of local flame quenching.
During the HJE phase, the intensity of the turbulence generated by the
jets exiting the PC is rather different among the tested pre-chambers.
Because of the lower amount of fuel burned in pre-chamber D14N3,
this geometry is not able to produce a turbulent flow field as intense as
that generated by the other two configurations. Therefore, a reduced MC
mass reaches the highest TKE levels. In contrast, pre-chambers D12N4
and D10N6 display a similar amount of energy released during PC
combustion and thus a comparable overall TKE is obtained. Nonetheless,
these two geometries show a different TKE allocation among the defined
levels. In pre-chamber D12N4 the energy generated in the PC is
distributed among four jets, while among six jets in PC D10N6. There-
fore, a greater portion of the MC mass reaches the highest TKE level in
the former, whereas in the latter a larger portion of the MC mixture is
directly engulfed by the jets, thus favoring the development of a wider
region with medium TKE intensity, but lowering the mass capable of
reaching the highest turbulence level. Because of this effect, pre-
chamber D10NG6 is characterized by a faster decay of the turbulence
intensity after the EoCJE, as also highlighted by the TKE distribution
reported in Fig. 14(c)-(d). From a thermal perspective, besides the
slightly different length of the CJE, the number of nozzles appears to
affect the rate of temperature rise in the MC. For pre-chamber D14N3,
MC temperature increases slower during the HJE phase, presumably
because of the smaller energy released in PC. Then, after the EoHJE, the
rate of temperature rise flattens out. This is due to the greater angular
width between the PC nozzles which increases the time needed by the
flame to consume the mixture located in between the nozzles. This is
evidenced also in Fig. 13(c). Indeed, 15 CAD aCJE, the flame fronts
resulting from the turbulent jets have already merged and are just about
to join for pre-chamber D10N6 and D12N4 respectively, while are still
rather distant for PC D14N3. Therefore 20 CAD aCJE, only 55% of the
MC charge has reached a temperature higher than 950 K for PC D14N3,
with a significant volume of the combustion chamber that has not yet
been swept by the flame front (Fig. 13(d)). In contrast, the combustion
progress is fairly similar for PCs D12N4 and D10NG6, as suggested by the
comparable temperature evolution (82% and 77% of the MC mass with a
temperature higher than 950 K, respectively) and OH mass fraction.

In summary, the pre-chamber with the intermediate nozzle diameter
(D12N4) leads to the fastest burn rate. This is well in agreement with
what was reported in [56] in which pre-chambers characterized by
different nozzle diameters were experimentally tested on the same en-
gine fuelled with methane. Indeed, also in that study, it was found that
an intermediate nozzle diameter, neither too big nor too small led to the
shortest flame development angle.

5. Conclusions

A 3D-CFD numerical investigation was carried out to assess the
impact of the geometrical features of pre-chamber nozzles on the com-
bustion characteristics in a single-cylinder, naturally aspirated gasoline
metal engine. By exploiting a 3D-CFD RANS model previously calibrated
and validated against experimental data in two working conditions
(stoichiometric and lean), a sensitivity analysis on the number and
diameter of the pre-chamber nozzles was performed. Specifically, three
geometrical configurations with variable nozzle cross-sectional area
(fixed nozzle number and variable diameter) and three geometries with
constant A, (variable nozzle number and diameter) were tested. The
main findings can be summarized as follows:
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The design of the pre-chamber significantly affects combustion
behavior. Among the 5 tested pre-chamber designs, prechamber
D12N4 (4 nozzles, 1.2 mm) leads to a reduction of the combustion
duration (MFB0-90) of 25% compared to the baseline pre-chamber
D10N4 (4 nozzles, 1.0 mm) thanks to the increase of the energy
released in the prechamber of nearly 25%, induced by the higher pre-
chamber permeability.

If the nozzle number is kept constant, further increasing the nozzle
diameter to 1.4 mm (D14N4) results in only a marginal increase in
the energy released in the pre-chamber (4+10% compared to the
baseline) mostly because of the air-fuel mixture that is pushed
outside the pre-chamber when the pre-chamber pressure overcomes
that of the main chamber, but the pre-chamber flame has not yet
reached pre-chamber nozzles.

If the total nozzle area is kept constant (i.e., D12N4, D10N6, D14N3)
the energy released in the pre-chamber is almost constant, displaying
a maximum deviation equal to 10%. This variation is primarily
attributed to the different spark timings required to evenly phase the
combustion process across the various pre-chamber designs. Indeed,
as the spark timing is advanced, pre-chamber scavenging and filling
processes are prematurely interrupted, thus reducing the mass of
fresh mixture entering the pre-chamber.

Although the energy released in the pre-chamber shows slight vari-
ations across different pre-chamber designs with a constant nozzle
area (i.e., D12N4, D10N6, D14N3), significantly different combus-
tion durations in the main chamber are observed. This is primarily
due to the critical role that the spatial distribution of the jets plays in
influencing the burning rate. The D14N3 pre-chamber design results
in the longest combustion duration (MFB0-90 = 32.9 CAD), as the
mixture directly entrained by the jets is reduced, and the consump-
tion of the mixture located between adjacent jets is delayed.
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Fig. 14. Main chamber turbulent kinetic energy distribution for the geomet-
rical configurations with constant nozzle number and variable diameter
(D10N4, D12N4, and D14N4).

e Combustion durations for pre-chamber configurations D12N4 and
D10N6, which have the same total nozzle area, are similar (MFB0-90
= 23.7 CAD for D12N4 and MFB0-90 = 25.4 CAD for D10N6). While
no difference is observed in the MFB0-50 phase, the MFB50-90
phase is approximately 15% longer for the D10N6 pre-chamber. This
is due to the more rapid decay of the turbulent flow field generated
by the pre-chamber jets in the D10N6 configuration.

To complete the sensitivity analysis, a further study could assess the
effect of pre-chamber volume on combustion performance. Additionally,
combining the developed numerical model with data obtained from an
optically accessible engine could provide further insights into the
mechanisms governing main chamber ignition and the combustion
process. This approach would allow for a more detailed examination of
the interactions between the pre-chamber and the main combustion
chamber, enabling a better understanding of the ignition dynamics.
Furthermore, future research could extend this analysis to combustion
systems that utilize carbon-neutral fuels. These fuels, including
ammonia and synthetic fuels derived from renewable sources, could
offer significant benefits in terms of reducing the carbon footprint of
transportation systems. The application of the developed methodology
to these alternative fuels would allow the optimization of the pre-
chamber design pre-chamber for improving performance and effi-
ciency while reducing pollutant emissions at the same time. This could
provide valuable insights into enhancing the overall efficiency and
reducing the environmental impact of the next generation of internal
combustion engines, contributing to more sustainable transportation
solutions.

Abbreviations/Acronyms

AMR Adaptive Mesh Refinement

(continued on next column)
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(continued)
AFR Air-to-fuel ratio
Anozzle Nozzle Area
CAD Crank Angle Degrees
CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy
CJE Cold Jet Ejection
CJL Cold Jet Losses
CR Compression Ratio
DI Direct Injection
EoE End of the Ejection
EoHJE End of Hot Jet Ejection
FP at ST Fuel Power at ST
FP bCJE Fuel Power before Cold Jet Ejection
HJE Hot Jet Ejection
HL Heat Losses
HR Heat Release
HR aHJE Heat Release after HJE
HR bHJE Heat Release before Hot Jet Ejection
HR dHJE Heat Release during Hot Jet Ejection
ICE Internal Combustion Engine
LHV Lower Heating Value
MC Main Chamber
MFB10-90 Combustion Duration
MFB50 Combustion Anchor Angle
PC Pre-chamber
PFI Port Fuel Injection
PFP Peak Firing Pressure
PISO Pressure Implicit with Splitting Operator
RANS Reynolds Averaged Navier-Stokes
RNG Renormalization Group
SA Spark Advance
SI Spark Ignition
SoC Start of Combustion
ST Spark Timing
TJI Turbulent Jet Ignition
TKE Turbulent Kinetic Energy
TRF Toluene Reference Fuel
Ve Clearence Volume
Vpe Pre-chamber Volume
WOT Wide Open Throttle
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