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ABSTRACT

Lean-burn gas operation is essential for meeting strict nitrogen oxides (NOx) emissions regulations and reducing fuel consumption in marine and power generation
engines. Because efficient lean combustion requires high-energy ignition sources, the active Pre-Combustion Chamber (PCC) is universally recognized as the optimal
solution for large-bore applications. To accelerate engine development and drastically reduce experimental burdens, accurately modelling these complex combustion
dynamics using computationally efficient Zero/One-Dimensional (0D/1D) predictive tools is now a critical requirement.

To address this challenge, this study presents a comprehensive 0D/1D predictive simulation platform developed in GT-SUITE, tailored to co-optimize PCC ge-
ometry, in-cylinder flow motion, and engine calibration for lean-burn gas engines.

The framework integrates advanced phenomenological models for predictive combustion, as well as for NOx and unburnt hydrocarbons (HC) emissions. Its
predictive capabilities were rigorously validated against an extensive experimental dataset encompassing two distinct pre-chamber designs, demonstrating excellent
agreement. Furthermore, the inclusion of a OD turbulence model guaranteed high-fidelity resolution of flow-combustion interactions, enabling the precise analysis of
both quiescent and non-quiescent combustion systems.

Serving as a highly efficient computational alternative to demanding Three-Dimensional Computational Fluid Dynamics (3D-CFD) campaigns, the validated
framework was leveraged to systematically determine the optimal synergistic configuration of PCC architecture, in-cylinder flow motion, and engine calibration. The
optimization analysis demonstrated that the configuration obtained for swirl motion provided the greatest overall benefits, delivering a +1.6% increase in indicated

thermal efficiency at full load and minimized unburned HC emissions by -600 ppm at low load.

1. Introduction

Natural gas has been increasingly used as a primary fuel in a variety
of energy sectors, including marine propulsion [1] and power genera-
tion [23], as a result of stricter regulations aimed at reducing green-
house gas and pollutant emissions over the coming decades.

Specifically, because of its favourable hydrogen-to-carbon ratio [4],
natural gas combustion results in lower Carbon Dioxide (CO5) emissions
per energy unit compared to diesel oil. Furthermore, in the context of the
transition toward carbon-neutral fuels, fossil-derived natural gas is
projected to be progressively replaced by synthetic gas derived from
biomass or renewable energy sources [5]. This shift will significantly
lower the carbon footprint of these energy sectors while simultaneously
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making use of existing technologies and infrastructure. Consequently,
Internal Combustion Engines (ICEs) fuelled with natural gas are ex-
pected to be crucial in future power generation scenarios in which re-
newables will dominate.

Thanks to lean-burn combustion, natural gas has the potential to
reduce Nitrogen Oxides (NOx) emissions in ICEs by 80-85% compared to
heavy fuel oil. Moreover, sulphur oxides emissions are almost elimi-
nated as natural gas does not contain sulphur, while particulate matter
production is very low [1]. Unfortunately, the main drawback of lean
operation is that it increases Unburnt Hydrocarbons (HC) emissions with
respect to stoichiometric operation, especially at low load [6,7].

In the realm of large-bore natural gas engines, the lean-burn concept
[8], combined with innovative ignition systems [9], currently stands as
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the primary strategy to balance high engine efficiency with combustion
stability. While increasing the air-to-fuel ratio promotes a highly effi-
cient combustion process, it simultaneously tends to worsen cycle-to-
cycle variability when conventional spark plug ignition is employed
[10]. In this context, the Pre-Combustion Chamber (PCC) ignition sys-
tem offers a viable solution [1112] to overcome this problem.

Specifically, the PCC consists of a small ignition volume situated
within the cylinder head and equipped with a conventional spark plug
and connected to the Main Chamber (MC) via small orifices. PCC can
also be supplied by a dedicated fuel line (i.e., active PCC). The com-
bustion of a near-stoichiometric mixture within the PCC generates
highly reactive, turbulent jets [13], which are projected into the MC.
These jets work as distributed, multiple ignition sites that feature a
significantly higher energy than a single spark [14]. This mechanism
provides substantial improvements in combustion stability [15], thereby
ensuring a robust combustion process even with lean mixtures.
Commonly, the ignition mechanism is named Turbulent Jet Ignition
(TJI) if the ignition of the main charge is induced by the self-ignition of
highly reactive turbulent jets coming out of the PCC. On the other hand,
if the flame can propagate through the PCC holes reaching the MC
without being quenched, the ignition mechanism is usually referred to
as the torch ignition system [16]. Large-bore engines typically employ
large orifices (diameter > 2 mm), thereby favouring torch ignition [17].

In order to optimize the combustion process [18], not only in terms
of indicated efficiency but also concerning NOx and HC emissions [19],
a proper PCC design becomes crucial. Its geometry (shape, volume,
nozzle orientation), the nozzle hole diameter, and the number of nozzle
holes are the design parameters that have to be optimized. For instance,
the nozzle hole diameter influences the timing of hot jet ejection into the
MC and the establishment of the pressure difference between the PCC
and MC [20]: a smaller diameter can lead to a faster jet velocity and a
higher jet intensity, influencing the combustion duration in the MC [21].
Moreover, an increase in PCC volume can help in reducing the MC
combustion duration [22]. The number of nozzle holes should be
properly designed to avoid significant unburnt gaps between the hot
flame jets [23].

Because the design of these architectures involves multiple degrees
of freedom, relying on traditional experimental campaigns would be
prohibitively time-consuming and costly. Consequently, numerical
simulations have become indispensable for accelerating engine devel-
opment and calibration. By effectively bypassing the need for exhaustive
physical testing, these predictive computational tools drastically
streamline the engine development and optimization process, signifi-
cantly reducing the overall time-to-market.

Three-Dimensional Computational Fluid Dynamics (3D-CFD) simu-
lations can be exploited to investigate how the PCC design can influence
the combustion process (e.g., combustion within the PCC, jet develop-
ment, and ignition behaviour in the MC) [24,25]. Thanks to these, Liu
et al. found out that in-cylinder flow motions can improve combustion
quality. Swirl and tumble, indeed, can accelerate the mixing process of
natural gas with air and thus the propagation of the flame [26], resulting
in higher combustion efficiency and lower pollutant emissions [27].

For a faster optimization in terms of computational time, Zero-
Dimensional/One-Dimensional Computational Fluid Dynamics (0D/
1D-CFD) numerical models can be exploited to obtain less detailed but
still reliable estimates of the overall engine system performance, espe-
cially in the early stage of the development process of the engine, and
also during its calibration process. Given the physical complexity of this
combustion system, developing reliable 0D/1D predictive models rep-
resents a significant challenge. To be effective, the framework must
accurately capture how PCC geometry and in-cylinder flow kinematics
dictate the overall combustion process and pollutant formation.

To this end, different 0D/1D combustion models have been devel-
oped and validated: Zhu et al. developed and validated a parameter-
based double-Wiebe model [28] for a PCC-ignited large-bore single-
cylinder engine; Bozza et al. developed and validated a
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phenomenological combustion and pollutant emissions model for PCC
engines [29]. In line with the aforementioned research activities, the
commercially available software GT-SUITE incorporates a fully predic-
tive phenomenological model for the combustion process simulation in
PCC engines [30]. Accurso et al. successfully demonstrated the reli-
ability of this model for lean-burn, large-bore natural gas PCC engines
[31].

To accelerate the development, design optimization, and calibration
of lean-burn gas engines with either quiescent or non-quiescent com-
bustion systems, this study develops a comprehensive 0D/1D-CFD pre-
dictive simulation platform within GT-SUITE. Equipped with a fully
predictive combustion model, a dedicated turbulence model, and
advanced NOx and HC emission sub-models, the platform allows for the
simultaneous co-optimization of PCC architecture, in-cylinder flow dy-
namics, and engine calibration. Its high sensitivity to hardware and
calibration variations ensures robust system-level analysis, acting as a
computationally faster design alternative to traditional 3D-CFD
simulations.

Ultimately, the proposed platform overcomes the inherent
complexity of PCC-MC combustion systems, drastically cutting the
reliance on physical test-bench campaigns. This not only drastically
reduces time-to-market and development costs but also significantly
minimizes the carbon footprint of the engineering process. Crucially, to
the best of the authors' knowledge, this study pioneers the use of a fully
predictive 0D/1D framework to co-optimize the combustion system of
lean-burn gas engines. By explicitly resolving the complex interplay
between PCC geometry and in-cylinder flow dynamics, this work es-
tablishes a highly effective methodology to maximize thermal efficiency
and reduce pollutant emissions.

2. Case Study

In this work, the Wartsila W6L46TS-SG was selected as the case
study. Its main technical specifications are listed in Table 1.

The engine under investigation is a four-stroke six-cylinder natural
gas engine, equipped with active PCCs. Operating with a near-
stoichiometric air-fuel mixture, combustion in the PCC exhibits rapid
flame propagation, resulting in a sharp pressure increase immediately
after spark ignition. This sudden rise in pressure expels hot flame jets
from the PCC into the MC. Due to the relatively large nozzle diameter (>
4 mm), these jets do not undergo quenching during the transfer,
allowing them to successfully ignite the lean mixture within the MC.

The available experimental dataset used to calibrate and validate the
combustion and emission models was comprehensive of about 100
operating points, including load sweeps, ignition timing sweeps, boost
pressure variations, and PCC gas injection sweeps (start of injection and
injection duration).

During the experimental campaign, steady-state performance pa-
rameters — namely, air flow rate, natural gas consumption, and exhaust
emissions — were recorded for each test point alongside high-frequency,
crank-angle-resolved in-cylinder pressure measurements. The steady-
state quantities were acquired using low-frequency measurement sys-
tems. Detailed specifications of the instrumentation, including their
respective measurement accuracies, are summarized in Table 2.

The acquired operating points spanned two different PCC

Table 1
Wartsilda W6L46TS-SG engine technical specifications
Specification Unit Value
Number of cylinders - 6
Turbocharger - Dual stage with wastegate
Bore mm 460
Stroke mm 580
Engine Speed RPM 600
Maximum Power kw 7800
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Table 2

Instrumentation accuracy.
Variable Instrument Accuracy
In-cylinder pressure Kistler transducer 0.2 %
Air flow rate Orifice flowmeter 0.9%
Natural gas consumption  Coriolis type flowmeter 0.35%

Exhaust gas emissions Horiba Mexa-One (NOx, CO, HC, CO,, O,) 1%

geometries, depicted in Fig. 1.

e PCC #1: it features a mixing volume connected to the PCC holes
through a connecting duct with a lower diameter; the spark plug and
the gas admission pipe are located on top of the mixing volume.

e PCC #2: same design as PCC#1, but it features an increased diameter
of the PCC nozzle holes (+20%) and an increased diameter of the
connecting duct (+15%). The total volume of the PCC is slightly
larger.

The highlighted geometrical differences between PCC #1 and PCC
#2 directly influence flame propagation. To rigorously assess the
model's reliability and its sensitivity to such geometric variations, a
cross-validation approach was adopted: the calibration was performed
exclusively on PCC #1, while PCC #2 was employed for validation,
effectively proving the model's predictive capability across different
designs.

3. Simulation Platform

The developed GT-SUITE engine model comprises the entire engine
architecture, including both the PCC and the MC. Specifically, the SITurb
combustion model was used to simulate the flame propagation within
the PCC, while the JetIgnition model was used in the MC. These models
were specifically tailored for this case study, with a focus on customizing
the laminar and turbulent flame speed models. All the turbulence-
related quantities required by the combustion models were evaluated
via the K-k-¢ phenomenological OD model. Concerning the emissions, a
stratified burned zone formulation was adopted for the prediction of
NOx emissions through the Zeldovich kinetic model, while a specifically
customized HC emissions model was implemented.

The following subsections provide a more detailed discussion of the
specific models employed in this study.

3.1. Combustion model

The combustion processes in both the PCC and MC were resolved
using phenomenological, predictive multi-zone models specifically
tailored for this research. To capture these phenomena, the SITurb model
was applied to predict flame propagation within the PCC, while the
Jetlgnition model was employed to predict combustion in the MC.

The reliability of the SITurb model is well-documented in the liter-
ature, having been effectively applied to simulate both gasoline engines
[32,33] and hydrogen combustion processes [34]. Adopting a two-zone

PCC #1 (Ref.) PCC #2

Ref. diameter +15% diameter

Ref. Holes #
Ref. diameter

Ref. Holes #
+20% diameter

Fig. 1. Pictorial representation of the PCCs internal geometry.
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approach, the SITurb model describes the evolution of a spark-ignited
turbulent flame. Specifically, the unburned mixture is progressively
entrained by the advancing flame front, and it is subsequently burned
behind it. The rate of this mass entrainment is modelled as directly
proportional to the turbulent flame speed, according to Eq. (1):

dM,

T:puAf(ST +81) (@)
t

where M, designates the mass of the entrained unburned mixture, A¢

stands for the flame front area, p,, is the unburned mixture density, while

St and S, are the turbulent and laminar flame speeds, respectively. The

flame area is initially computed under the assumption of a hemispher-

ical propagation. The burn rate is computed according to Eq. (2):

dM, M,~M,

a1 2

where 7 represents the time required for the flame to propagate across
the turbulent Taylor microscale (1) at the laminar flame speed, as
defined in Eq. (3).

i L 1
T=—=

SL CTLS.PCCE S_L (3)
where L; is the turbulence integral length scale, Re; represents the tur-
bulent Reynolds number, and Crispcc serves as a tuning constant. A
detailed description of the models employed to evaluate the laminar and
turbulent flame speeds will be provided later in the manuscript.

The Jetignition model simulates the MC combustion process by
superimposing jet-driven and flame-propagation contributions. During
the simulation, the cylinder is discretized into three interacting ther-
modynamic zones: the Main Unburned Zone (fresh air and port-injected
natural gas); the Jet Zone (the discharging PCC jets and entrained
mass, computed via momentum conservation); and the Burned Zone,
where burned gases accumulate based on the jet and turbulent flame
burn rates.

The jet penetration S is computed according to Eq. (4), where t is the
elapsed time and u, denotes the velocity at the prechamber nozzle. d,
and Cy are the hole diameter and its related discharge coefficient, p, and
Pyt represent the fluid density at the nozzle exit and inside the main

chamber, respectively, and C; is a model constant.

0.5
_ 05 Wdn [Pn
S(t) = Gt (Cd pql) 4

The mass entrained into the jet, mj,, is computed assuming momentum
conservation during jet penetration, as expressed by Eq. (5):

my, = Comy, (% - 1) )

where m,, is the mass of the jets at the prechamber nozzle exit, and C, is a
calibration constant.
The ignition delay is evaluated based on the thermodynamic condi-

tions within the jet using an Arrhenius-type formulation. In the jet re-
gion, the burn rate is calculated as follows:

dm; VTKE .
gt = Carmic 7 (xo,) + $ym ©

cyl

In this equation, my and mj, denote the burned and unburned masses
within the jet region, respectively. TKE represents the turbulent kinetic
energy, V,y; is the cylinder volume, and Cgy serves as a tuning constant.

The ratio +/TKE/ sz/lg defines a mixing-controlled burning rate — as
proposed by Magnussen [35] — which is governed by the in-cylinder
turbulence level and local jet properties. Additionally, s; acts as a
source term coupling the combustion within the Jet Zone to that
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occurring behind the primary flame front.

For the flame propagation component, the model adopts the same
two-zone entrainment-burn approach used in the PCC. Like s; (Eq. (6)),
an additional source term, s, is introduced to compute the burn rate of
the mass entrained by the flame in the MC. This term couples the
combustion behind the flame front with the combustion within the jets,
as expressed in Eq. (7):

dmﬂ, - Mye—Mypp

dt + S‘jTTlﬂ, (7)

where myg, represents the burned mass originating from flame combus-
tion, mg, —my, indicates the instantaneous unburned mass entrained into
the flame front, and 7 denotes the Taylor length scale. The source terms
s¢ and s; (utilized in Eq. (6) and (7)) take into account that the unburned
mass entrained but not yet burned by the jet remains available for
consumption behind the main flame, and vice versa. Moreover, the
transition from jet autoignition to physical flame propagation is simu-
lated via a transition function, employing a methodology similar to
Walther et al. [36].

Governed by this function, the modelled flame surface evolves lin-
early from the initial jet geometry, defined as a truncated cone ending in
a hemisphere, to the spherical shape characteristic of flame propagation
in the MC.

A more detailed description of the model can be found in [30,37].

As previously introduced, the combustion models were specifically
tailored for this case study, with a focus on the laminar and turbulent
flame speed models.

This engine operates with lambda values higher than 2, very high
peak pressures, and relatively low temperatures due to the strong Miller
level. Therefore, a dedicated modelling approach is required, as stan-
dard formulations of laminar flame speed found in the literature are
typically optimized for lower pressures and near-stoichiometric condi-
tions, as highlighted in [38].

Moreover, the combustion processes in the PCC and the MC are
characterized by significant differences in mixture composition. While
the MC contains a lean mixture with a very low residual gas fraction, the
active PCC typically operates with a richer mixture, characterized by a
near-stoichiometric air-fuel ratio and containing a significant amount of
burned gases from the previous engine cycle.

For these reasons, a tabulated laminar flame speed approach was
adopted. The laminar flame speed values, evaluated by means of
detailed chemistry calculations [39], were interpolated from look-up
tables based on the instantaneous conditions in the MC and PCC.
These values were determined as a function of pressure, temperature,
equivalence ratio, and residual gas fraction, and were subsequently
given as an input to the SITurb and Jetlgnition combustion models, ac-
counting for the differences in mixture composition in PCC and MC.

Concerning the turbulent flame speed model, the Kobayashi corre-
lation [40] was adopted for the MC. This model has been demonstrated
to accurately describe the flame velocity of lean methane-air mixtures,
as reported in [38].

3.2. Turbulence model

The predictive capability of both SITurb and JetIgnition relies on the
precise determination of turbulent intensity and turbulent length scale
within the PCC and the MC, respectively. For this reason, these
turbulence-related quantities are computed using a phenomenological
0D turbulence model [41].

The OD turbulence model, based on the K-k-¢ approach, was specif-
ically calibrated for the MC and PCC (PCC #1 configuration) against
cold-flow 3D-CFD simulation results obtained using a Reynolds-
Averaged Navier-Stokes (RANS) k-¢ turbulence model. A comparison
between the volume-averaged 3D-CFD data and the predicted 0D results
is reported in [31].
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Moreover, the 0D turbulence model captures the geometric influence
of intake ports and valves, thereby ensuring an accurate prediction of
turbulence levels for both quiescent and non-quiescent combustion
systems. To robustly capture large-scale flow structures, the modelling
of swirl and tumble motions is governed by two sets of coefficients —
namely, the swirl coefficient and the tumble coefficient — which were
obtained via dedicated 3D-CFD flow bench simulations.

3.3. NOx emissions model

In the present study, the formation of NOx emissions in the cylinder
is predicted using the Zeldovich kinetic model [42]. Reliable NOx pre-
dictions rely heavily on the accurate estimation of the temperature
distribution within the burned gas zone. Specifically, the burned gases
that are produced in the early phase of the combustion process undergo
a further compression, reaching temperatures significantly higher than
those attained immediately after combustion. This thermal stratification
has a significant impact on the levels of NOx produced. For this reason,
in this case study, a multi-zone NOx emissions model was implemented
both in MC and PCC.

In such a model, the in-cylinder burned zone is discretized into 10
thermodynamic sub-zones. These sub-zones receive mass from the un-
burned region and can exchange heat with the cylinder walls. Moreover,
the combustion process is divided into 10 unequal subsections of mass
fraction burned, where a finer resolution is allocated to the early com-
bustion phase. Mass from the unburned zone is transferred to the active
sub-zones during their respective combustion interval. Consequently, as
mass is added to the current sub-zone, the previously formed sub-zones
are progressively compressed, resulting in a local temperature rise. The
Zeldovich NOx kinetics are evaluated within each sub-zone based on the
local temperature. The total NOx emitted during combustion is then
calculated as the cumulative sum of the NOx produced in each zone.
Further details can be found in [38].

3.4. HC model

A dedicated HC emissions model has been developed and imple-
mented. The HC model captures HC formation through two principal
mechanisms: mass exchange with the piston top-land crevice, modelled
as a filling/emptying process [43], and flame wall quenching [44].
Crevice dynamics were resolved by applying coupled mass, species, and
energy conservation within the top-land volume, providing crank-
angle-dependent estimates of the local pressure and temperature in line
with the approach reported in [45,46,47,48]. Wall quenching was
described by considering flame extinction at the chamber surfaces. As is
known, this is driven by heat transfer losses, which leave a near-wall
layer of unburned mixture during flame propagation, contributing to
total HC output. The thickness of this quenched layer, §;, was linked to
the flame thickness, &, via the Peclet-number, which was evaluated
using the correlation proposed in [44], as summarised in Eq. (8).

5_(1 _ _ (Tf — Tw).c_q
(5f> =Feg = (Ty = Tu) ¢, ®)

In Eq. (8), the temperatures Ty, Ty, and T,, correspond to the adiabatic
flame temperature, the unburned-mixture temperature, and the wall
temperature, respectively. The parameter ¢, quantifies the fraction of
the chemical heat release that is transferred to the walls within the flame
zone, normalised by the total heat released by fuel oxidation. The cor-
relation in [44] was originally derived for stoichiometric gasoline/air
flames and assumed ¢, = 0.3. To address the observed deviations of the
correlation in case of different fuels and near-wall thermal regime, Eq.
(8) is augmented with a calibration constant c,.

The HC mass formed through the mechanisms described above was
assumed to undergo post-oxidation before exhaust. To more accurately
represent the thermodynamic conditions and local mixture composition
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governing this stage, a boundary-layer modelling strategy was adopted.
This framework, validated against 3D-CFD results in [47], was found to
improve prediction accuracy relative to the standard post-oxidation
formulations commonly followed in the literature [49,50]. The
approach solves coupled mass and energy conservation equations over a
near-wall control region of the cylinder in which post-oxidation is pre-
sumed to occur. The post-oxidation rate was modelled with a single-step
global kinetic expression (Eq. (9)).

d[HC]

_ _A. a, /}_ _i

The parameters of Eq. (9) are tuned to methane/air chemistry according
to [51] and are listed in Table 3.

After applying the post-oxidation reduction, the HC contributions
associated with each formation source were summed and then imposed
as the HC concentration at the exhaust valve during the gas-exchange
process

3.5. Model calibration & validation

As mentioned above, the models were calibrated relying solely on
experimental data from one specific PCC geometry (PCC #1). Their
predictive accuracy was subsequently validated against the second ar-
chitecture (PCC #2), demonstrating a strong agreement between pre-
dicted and experimental combustion results, as illustrated by the
correlation plots in Fig. 2. It is worth to point out that a single set of
calibration constants was used across the entire dataset, thereby con-
firming the model's sensitivity to PCC design changes and its ability to
reproduce the resulting combustion characteristics.

The current simulation framework relies on specific fluid-dynamic
and thermal simplifications that, as demonstrated by the results, did
not compromise its overall predictive accuracy. On the combustion side,
although the model does not explicitly resolve localized jet-induced
turbulence and lacks a direct geometric distinction between turbulent
and torch ignition regimes, proper tuning of the calibration constants
allows it to specifically reproduce the torch ignition behaviour. This
ensures the model successfully captures the pre-chamber geometry de-
pendency. Conversely, on the thermal side, the temperature evolution of
the pre-chamber is not modelled. In practice, a reduction in pre-chamber
permeability, resulting from a smaller volume, can enhance overall heat
transfer, physically leading to an increased PCC tip temperature and
subsequent hot spots for mixture ignition. This specific thermal phe-
nomenon is therefore neglected. Despite these simplifications, the model
maintains robust predictive capabilities and achieves highly accurate
results.

Fig. 3 compares the experimental and predicted traces for PCC
pressure, MC pressure, and MC heat release rate (HRR) at 100%, 50%,
and 25% load. These operating points served as the baseline for the
subsequent PCC geometry and flow motion optimization. As observed,
the model demonstrates excellent agreement with the experimental
data.

Building upon the successful validation of the combustion model, the
emissions models similarly exhibit robust predictive capabilities. Fig. 4
(a) and Fig. 4(b) depict the predicted versus experimental NOx and HC
emissions during a lambda sweep and a spark advance sweep at 50%
load, respectively. The calibrated models successfully capture the
experimental trends for both pollutants, underscoring their reliability

Table 3
Post-oxidation rate parameters [51]
Parameter Value
A 1.30 x 108
o -0.3
i 1.3
Ea 48.4
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for the subsequent optimization phase.

Table 4 summarizes the absolute Root Mean Square Error (RMSE)
values for the combustion and the emissions models, providing a
comprehensive quantitative assessment of the model's predictive per-
formance across the full experimental dataset.

The consistent, high-fidelity agreement observed between the
experimental and predicted results effectively validates the imple-
mented models. Thus, the simulation platform can be confidently
deployed for the subsequent design of PCC geometries and the
comparative analysis of different in-cylinder flow motions.

Although some discrepancies can be observed in absolute terms, the
model reliability was deemed sufficient to proceed with the subsequent
optimization analysis. As demonstrated by the combustion and emis-
sions model results (in Fig. 2, Fig. 3, and Fig. 4, respectively), the models
are capable of accurately capturing the observed trends from both
qualitative and quantitative perspectives. Therefore, variations in ge-
ometry and calibration can be effectively accounted for within the
developed platform, ensuring robustness in the optimization process.

4. Optimization Methodology

Once the simulation platform was validated against experimental
data, it was used to determine the optimal configuration of PCC design,
flow motion, and engine calibration. This section outlines the adopted
optimization methodology, which focuses on maximizing Indicated
Thermal Efficiency (ITE) and minimizing HC emissions, while keeping
NOx emissions equal to or lower than the baseline case.

4.1. Design space definition

In this study, 60 different PCC configurations were simulated,
combining variations in PCC volume, number of nozzle holes, and nozzle
hole diameter. These combinations resulted in a nozzle Area-to-Volume
ratio (A/V, defined as the ratio of total area of nozzle holes to the PCC
volume) ranging from —50% to +260% compared to the baseline PCC#1
design detailed in Section 2 and Fig. 1. Adopting PCC#1 as the reference
geometry (REF), the characteristics of all 60 tested configurations are
expressed as relative deviations in volume, hole count, and hole diam-
eter. The complete parametric matrix of these designs is provided in
Table 5.

All the configurations were tested using a full-factorial Design of
Experiments (DoE) approach. This comprehensive analysis was made
feasible by the high computational efficiency featured by the developed
simulation platform.

The optimization framework investigated three distinct intake port
designs, each generating a specific in-cylinder flow motion: quiescent,
tumble, and swirl. The modelling of the in-cylinder kinematics is gov-
erned by the intake valves swirl and tumble coefficients, defined as the
ratio of the angular momentum flux to the linear momentum flux across
the intake valves. Together with the valves discharge coefficient, these
parameters directly influence the turbulence quantities predicted by the
0D K-k-¢ turbulence model within the MC, thereby capturing the full
impact of the intake port design on the flow field, and subsequently, its
influence on the combustion process. Therefore, the specific swirl and
tumble coefficients for each configuration were extracted from dedi-
cated 3D-CFD virtual flow bench analyses and integrated into the
simulation platform. For the sake of brevity, a detailed discussion of the
3D-CFD methodology is omitted from this manuscript.

Fig. 5 shows the swirl and tumble coefficients as a function of valve
Lift over Diameter ratio (L/D) for the three configurations under study.
The swirl coefficient values of the three flow motions are normalized by
the maximum value observed in the swirl case, while the tumble coef-
ficient is normalized by the peak value of the tumble case. Similarly, L/D
is normalized by its maximum value.

The design optimization was performed at three distinct load levels
(100%, 50%, and 25%, as depicted in Fig. 3) to assess the influence of
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Fig. 3. Experimental and simulation comparison in terms of MC pressure, PCC pressure, and MC HRR over a load variation from 100% to 25%.

the proposed design changes across the entire engine map. Specifically,
the objective was to verify the potential for ITE gains at high load and a
reduction of HC emissions at low load, which represents the most critical
operating condition for HC emissions.

The optimization methodology was divided into two distinct steps.
The first one defined the optimal coupling between PCC geometry and
in-cylinder flow motion using the baseline engine calibration. The sec-
ond step identified the necessary calibration refinements — specifically in
terms of air-to-fuel ratio and spark advance - for the selected hardware
configuration.

In all these steps, the study was conducted maintaining a lambda
value equal to 1 within the PCC for all simulated designs. This approach
was adopted to exclude any influence that the change in geometry or
flow motion can have on the fuel-air mixture formation inside the PCC.

4.2. Definition of the optimal PCC and flow motion combination

The first step of the optimization focused on identifying the optimal
coupling between the PCC geometry and in-cylinder flow motion under
baseline engine calibration conditions.

Fig. 6 illustrates an example of the DoE methodology applied to
identify the optimal design for the quiescent flow motion case with the

REF number of nozzle holes. Similar analyses, not detailed here for sake
of brevity, were conducted for engine variants featuring swirl and
tumble flow motions, as well as varying the number of nozzle holes. The
results, in terms of maximum MC pressure (a), NOx emissions (b),
indicated efficiency (c), and HC emissions (d), are plotted as a function
of nozzle hole diameter and PCC volume.

In this case, the reduction of the PCC volume led to a reduction in
both the maximum MC pressure and NOx emissions, combined with a
decrease in ITE and an increase in HC levels. First, since the PCC mixture
is stoichiometric, a smaller PCC volume inherently reduces the NOx
mass formed within the PCC itself. Second, this reduced fuel mass
translates to a lower thermal energy delivered by the ignition jets. This
energy deficit reduces the combustion intensity in the MC, thereby
further suppressing overall NOx formation while concurrently explain-
ing the aforementioned penalties in peak MC pressure, ITE, and HC.

These results align with the findings of Shah et al. [22], who
experimentally demonstrated that NOx emissions decreased for smaller
PCC volumes. This trend occurred alongside a reduction in MC com-
bustion intensity, which ultimately translated into a lower lean limit for
smaller PCCs.

On the other hand, reducing the nozzle hole diameter increased both
the maximum MC pressure and ITE, while reducing HC levels. This result



A. Piano et al.

-{1- Experimiental NOx
—l- Predicted NOx
-O- Experimiental HC
—&@— Predicted HC

(a) =
£ i
&

E |
w
Lambda MC [-]

(b)

Izso 1
T L J
E] o—¢——
E L J
£ b Omemmmmnt o sl o Osmmeee o A
w

Spark advance [deg bTDCf]

Fig. 4. Comparison between experimental and predicted NOx and HC emis-
sions results: (a) MC lambda sweep at 50% load operating condition, (b) spark
advance sweep at 50% load operating condition.

Table 4

Combustion and emissions models RMSEs.
Parameter RMSE R?
Peak pressure MC 4.9 bar 98.5%
CA at peak pressure MC 0.9 deg 80.0%
CA at 50% burned fuel MC 1.8 deg 74.5%
Burn duration 10-75 MC 2.5 deg 18.6%
NOx emissions 150 ppm 96.4%
HC emissions 416 ppmC1 41.0%

Table 5
Different PCC geometries tested

Hole diameter
Number of holes
Volume

REF -28%; REF -18%; REF -6%; REF+4%
REF -1; REF; REF +1
REF -65%; REF -48%; REF -30%; REF+15%; REF

is driven by a higher jet velocity from the PCC, which promotes a faster
combustion in the MC. These findings are confirmed by the experiments
of Gentz et al. [21], who identified that under lean conditions, smaller
nozzle hole diameters result in faster, more vigorous jets, thereby
enhancing MC combustion.

Concerning NOx, the results reveal a non-monotonic trend, indi-
cating that NOx formation is governed by the balance between the
higher PCC combustion intensity, generated by a reduced nozzle hole
diameter, and the modified MC combustion resulting from the higher
velocity jets.

As shown by the two shaded regions in Fig. 6, the selection of the
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optimal PCC geometry is subject to two primary constraints. On one
hand, the maximum MC pressure must remain below the baseline level
to respect the mechanical limits of the engine. On the other hand, NOx
emissions must be kept at or below the baseline value to meet emissions
limits.

The optimal design was identified by analysing the ITE map. Within
the remaining compliant map, the candidate with the highest ITE was
selected. Although this specific case showed a slight ITE penalty (-0.1%),
it offered a valuable advantage in terms of NOx emissions reduction.
Specifically, the configuration with a 30% reduction in PCC volume and
a 28% reduction in nozzle hole diameter yielded a NOx decrease of 41.8
ppm. This NOx margin provided the opportunity to enrich the fuel-air
mixture, thereby restoring NOx to the baseline level while simulta-
neously increasing ITE, as discussed in the following subsection.

Regarding HC emissions, the observed value was slightly higher than
the baseline (+32.7 ppm), an increase that can be attributed to the
minor loss in efficiency. This increase was then compensated in the
following optimization step by reducing lambda, thereby increasing ITE
and lowering HC emissions.

Through this selection approach, the best PCC geometry was chosen
for every flow motion under study.

4.3. Definition of the optimal engine calibration

The second step of the optimization focused on the calibration re-
finements in terms of air-to-fuel ratio and spark advance for the optimal
combination of PCC design and flow motion found in the previous step.
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A similar DoE approach was adopted to select the optimal engine cali-
bration, as shown in Fig. 7. This figure shows, as an illustrative example,
the results for the quiescent-flow case with the REF number of nozzle
holes.

As in the previous step, the calibration must be constrained to avoid
exceeding the baseline maximum MC pressure while maintaining NOx
emissions at or below the baseline level. Based on these criteria, the
maximum MC pressure and NOx emissions maps identified the excluded
design configurations, marked as shaded areas.

As expected, increasing spark advance led to an increase in
maximum MC pressure, NOx emissions, and ITE, accompanied by a
decrease in HC emissions. Decreasing lambda showed negligible varia-
tions in maximum MC pressure but resulted in increased NOx and ITE,
along with reduced HC emissions.

By examining the ITE map (Fig. 7(c)), specifically within the
compliant region, the calibration point maximizing ITE was selected
(corresponding to a lambda reduction of 0.05 and baseline spark
advance). This case yielded an ITE increase of 0.6% and a reduction in
HC emissions of 64.3 ppm.

5. Results and Discussion

This section discusses the results obtained for the various PCC ge-
ometries and in-cylinder flow motions. To evaluate the combined impact
of PCC design and flow characteristics on ITE, NOx emissions, and HC
emissions, the findings from Section 4.2 are presented in Fig. 8. Spe-
cifically, the figure plots these metrics as a function of the A/V ratio for
all PCC configurations summarized in Table 5. Filled markers denote the

designs characterized by an ITE higher than the baseline, alongside HC
and NOx emissions levels that are equal to or lower than the baseline
(identified as compliant). Conversely, empty markers indicate configu-
rations that fail to meet these optimization criteria (identified as non-
compliant). All presented findings refer strictly to the baseline calibra-
tion settings.

Fig. 8 demonstrates that, across all in-cylinder flow motions,
increasing the PCC A/V ratio led to a reduction in efficiency and NOx
emissions, accompanied by an increase in HC emissions, especially at
low engine load. This behaviour is attributed to the fact that a higher A/
V ratio diminishes the combustion intensity within the PCC (lower peak
PCC pressure) and consequently the combustion duration into the MC
decreases, as also found experimentally by Shah et al. [17,22].

Across all engine load levels, swirl emerged as the most promising
flow motion, providing the greatest benefits in terms of ITE gain and HC
emissions reduction. This is attributed to the faster combustion process
associated with swirl, as confirmed by Fig. 9, which shows the experi-
mental burn rates comparison for the three flow motions derived from a
different engine platform equipped with the same combustion technol-
ogy. Also in this case, swirl motion allows a more intense and faster
combustion process in the main chamber compared to tumble. This
phenomenon can be attributed to the swirl’s more pronounced and
prolonged influence on the flame propagation.

Indeed, these findings align with the 3D-CFD simulations by Khan
et al. [26], which validated the effectiveness of swirl motion. They
observed that, unlike in quiescent environments where the flame front
tends to impinge directly on the cylinder walls, swirl flow generates a
more uniform flame expansion with a larger surface area. Being less
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susceptible to quenching, this flow field facilitates rapid and highly
efficient combustion, directly translating into increased ITE and reduced
HC emissions.

Consequently, this enhanced performance of swirl is accompanied by
a significant increase in NOx emissions. However, this penalty can be
mitigated by optimizing the lambda and spark advance calibration.
While tumble motion yielded lower gains compared to swirl — indicating
it as an optimal flow pattern for this specific engine architecture — its
results nonetheless demonstrate that introducing any organized in-
cylinder flow field offers advantages over a quiescent technology.

The optimal PCC geometry solution appeared to be associated with
A/V ratios lower than the baseline, as ITE typically increased with
reduced A/V. However, for swirl motion, designs with A/V lower than
the reference were not compliant due to excessive NOx formation.
Nevertheless, the feasible swirl designs — characterized by an A/V ratio
higher than the baseline - exhibited higher efficiency gains compared to
tumble designs with lower A/V ratios. Furthermore, the HC emissions
reduction offered by swirl is substantial and higher with respect to the
other motions.

The simulation outcomes indicated that roughly 85% of the explored
geometries yielded non-compliant results. Exploring such a vast para-
metric space through conventional engine test bench trials would have
translated into an unjustifiable expenditure of time and resources,
merely to identify and discard these non-optimal designs. Therefore,
conventional experimental approaches are intrinsically inefficient when
optimizing the ignition technology investigated in this study.
Conversely, the proposed simulation platform allows the entire

parametric space to be evaluated in approximately 48 hours on a stan-
dard commercial personal computer.

Fig. 10 presents the results obtained after section 4.3, displaying the
ITE gain and HC emissions reduction outcomes after the optimal cali-
bration of the selected PCC volume and nozzle hole diameter configu-
rations. Specifically, the data covers all combinations of the three
numbers of nozzle holes, the three flow motions, and the three engine
load levels.

The results indicated that tumble motion yielded higher benefits
relative to the quiescent state. Specifically, at full load, the REF-1 hole
configuration offered a greater benefit in ITE compared to other hole
counts. Regarding HC emissions, tumble was particularly effective at
low loads. However, at high load, the advantage over the quiescent is
marginal.

Overall, it was evident that swirl provided the greatest benefit
compared to the other flow motions under study. At full load, swirl
achieved an ITE increase of 1.6%. At mid load, the REF-1 hole config-
uration yielded the best results, with a 1.3% ITE gain. At low load, the
gain was more contained (0.4%) but still outperformed the other flow
motions. Despite the limited efficiency gain at low load, swirl demon-
strated the most significant HC reduction — particularly for the REF-1
configuration (~ 600 ppm) — which is clearly higher than both tumble
and quiescent results. This substantial reduction in HC emissions was
also evident at mid and full load (respectively ~ 400 ppm and ~ 300
ppm).

Given that HC emissions are most critical at mid and low load and
considering that the REF-1 number of nozzle holes configuration yielded
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the best results in these regimes, the combination of REF-1 and swirl

10

motion was identified as the optimal solution among all investigated
designs.

The specific architectures of the identified optimal design are out-
lined in Table 6, whereas Table 7 highlights the resulting performance
gains regarding ITE and HC emissions for the three load levels under
study.

In this case, a lower PCC volume and hole diameter, along with an
induced swirl motion inside the MC, have shown the best results in terms
of performance and emissions formation.

Fig. 11 compares the baseline and optimal pressure traces and HRR
generated by the predictive combustion model. The resulting peak PCC
pressure was lower due to the A/V ratio increase. Combustion appeared
to be slower in its first phase due to the lower intensity of the PCC
combustion. The reduction in PCC peak pressure resulted in a lower NOx
formation. Simultaneously, the swirl motion shortened the combustion
duration, leading to higher ITE and, consequently, lower HC emissions.

The comparison of these results with the experimental data of Fig. 9
reveals that the slower, initial phase of combustion is dictated only by
the PCC geometry. Since the experimental traces, obtained using an
identical PCC configuration, overlap during this initial phase, it is
evident that the early combustion dynamics remain completely unin-
fluenced by variations in the in-cylinder flow motion. Furthermore,
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Table 6

Optimal flow motion, PCC geometry design and engine

calibration

Flow Motion
Volume

Hole diameter
Holes number
A/NV

Swirl

REF -48%
REF -28%
REF -1
REF +42%

predicted impact of swirl consistently aligns with the experimental
findings.

This study has successfully demonstrated the reliability of the
simulation platform, largely due to its high-fidelity combustion and
emission models. However, should an experimental corroboration be
desired, this tool is able to isolate the optimal design region prior to the
experimental campaign. Consequently, the subsequent physical valida-
tion will require a drastically reduced number of tests compared to
conventional optimization procedures.

6. Conclusions

Table 7
Performance gains regarding ITE and HC emissions for 100%, 50%, and 25%
load. In conclusion, this study successfully developed a comprehensive
Load 100% 50% 25% 0D/1D-CFD simulation platform within GT-SUITE, integrating predic-
- tive combustion, NOx emissions, and HC emissions models. Designed
ITE Gain [%] +1.6 +1.3 +0.4 ificallv for lean-b . he olatf d effective i
HC Reduction [ppm] 276 396 562 specifically for lean-burn gas engines, the platform proved effective in
optimizing PCC geometries and engine calibration across both quiescent
and non-quiescent combustion systems. As a digital twin of the real
regarding the subsequent stages of the combustion process, the engine, the model demonstrated high sensitivity to both hardware and
100% Load 50% Load 25% Load
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-=--- BaselinePCC
[ i 1 T —— Optimal MC
-=-- Optimal PCC
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Fig. 11. Baseline and optimal simulation comparison in terms of MC pressure, PCC pressure, and MC HRR over a load variation from 100% to 25%.
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calibration variations, enabling robust system-level analysis. The pro-
posed approach emerged as a computationally efficient alternative to
3D-CFD simulations, thus offering a valuable alternative in experimental
test-bench requirements. Consequently, this tool provides a viable
pathway to decrease time-to-market, development costs, and the carbon
footprint associated with the engine design process.

The study presented a dedicated optimization methodology using the
developed simulation tool. By systematically evaluating the interactions
between PCC geometry, in-cylinder flow motion, and engine calibration,
the optimal configuration was determined. This optimization effectively
maximized ITE and minimized HC emissions, strictly keeping NOx
emissions at or below the baseline levels.

The results indicated that swirl motion outperformed both tumble
and quiescent systems, demonstrating superior potential for increasing
ITE at full and mid-load due to faster combustion. Furthermore, swirl
consistently reduced HC emissions across all load levels, with particu-
larly significant reductions at low load. Although the faster combustion
inherently tends to increase NOX, this effect can be effectively mitigated
by increasing the PCC A/V ratio to dampen combustion intensity in the
PCC. Even with this adjustment to control NOx, the swirl configuration
still yielded gains in ITE and reductions in HC emissions.

Regarding the optimal PCC geometry under swirl motion, the study
identified that a significant reduction in PCC volume (-48%) and nozzle
hole diameter (-28%) - leading to a +42% increase in the A/V ratio —
yielded the best overall performance. This configuration achieved a
maximum ITE gain of +1.6% (at full load) and a substantial HC reduc-
tion of about 600 ppm (at low load). The only required recalibration was
a slight mixture enrichment (AA-0.05) at low load. While the number of
PCC nozzle holes showed a secondary influence, the REF-1 configuration
emerged as the most effective solution among the investigated layouts.

The results highlighted that the exploitation of non-quiescent com-
bustion systems for pre-chamber lean-burn large-bore gas engines
proved to be a powerful technology. This approach is pivotal for
reducing the HC emissions and increasing the engine efficiency, conse-
quently leading to a reduction in fuel consumption and CO; emissions.

Acronyms
oD Zero-Dimensional
1D One-Dimensional
3D Three-Dimensional
A/V Nozzle Area-to-Volume ratio
CFD Computational Fluid Dynamics
CO2 Carbon Dioxide
DoE Design of Experiments
HC Unburnt Hydrocarbons
ICE Internal Combustion Engine
ITE Indicated Thermal Efficiency
L/D Valve Lift over Diameter ratio
MC Main Chamber
NOx Nitrogen Oxides
PCC Pre-Combustion Chamber
REF Reference
RMSE Root Mean Square Error
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