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A B S T R A C T

The third decade of the 21st century is set to be one of the most relevant in terms of the transition of
methods and forms of using different energy sources, with short and medium-term developments on the
road to decarbonization. One of the most widely accepted measures on this path is the reduction of CO2
emissions from internal combustion engines, which is why different concepts are being studied in order to
optimize combustion. Furthermore, this research focuses on developing a suitable Spark-Ignition (SI) engine
configuration integrating the passive pre-chamber ignition concept (TJI), together with a high compression
ratio and the use of the Miller cycle, in order to exploit the benefits of using Compressed Natural Gas
(CNG) as fuel. Thus, the novelty of this investigation is the detailed evaluation of the aforementioned SI
engine architecture by state-of-the-art CFD simulations and a broad experimental campaign, to understand
the advantages of the combined technologies against a conventional SI engine operating with gasoline. The
pre-chamber technology is able to overcome the issues associated with the lower laminar flame speeds of
CNG, and the reduction of turbulence caused by prematurely closing the intake valve with the Miller cycle.
The experimental results showed that the new engine definition achieved higher levels of indicated efficiency
compared to the baseline engine (around a 3% increase at high load/speed conditions). Moreover, the addition
of EGR allows to further improve the engine performance, extending the load limit in the low-end torque
region of the engine map. Finally, a full dynamic 1D model of a current passenger car vehicle was developed
to perform transient driving cycle simulations, showing a reduction of 15% in fuel consumption and 25% in
CO2 emissions for the new engine definition compared to the baseline engine.
1. Introduction

Society in the first half of the 21st century faces unprecedented
challenges that will determine its future. Most of these challenges are
related to energy production, in which fossil fuels take a big part,
contributing to impact on global warming and pollution. Over 25%
of the energy produced worldwide is destined to be consumed in the
transportation sector [1]. In addition, this sector is also responsible of
emitting a high percentage of Carbon Dioxide (CO2) and hazardous
pollutants like Carbon Monoxide (CO) and Nitrogen Oxides (NOx),
particularly in road transportation which accounts for 70% of these
emissions [2,3]. Consequently, there is a flourishing of new global
treaties due to the awareness of governments in terms of reducing the
carbon footprint in this sector, focusing on implementing restrictions
on emissions. Therefore, engine manufacturers are being obligated to
develop modern powertrains that are able to comply with the new
emissions restrictions, without compromising significantly the global
performance of the vehicle. In order to achieve these requirements, the
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combination of modern technologies and the development of new ones,
for improving the engine thermal efficiency and reducing the output
pollutants, is required [4].

Nowadays, gasoline-fueled Spark-Ignition (SI) engines are the most
common propulsive system for passenger cars in the European Union,
considering that Hybrid Electric Vehicles (HEV’s) also integrate them as
their thermal units [5]. Nevertheless, SI engines have considerable dis-
advantages in terms of efficiency compared to equivalent Compression-
Ignition (CI) engines. This is mainly due to the appearance of knock in
SI engines, an abnormal combustion that compromises their mechanical
integrity and prevents the use of high compression ratios [6,7]. Thus,
seeing that these powerplants will continue to form part of the auto-
motive market during the following decades, several efforts are being
made to integrate solutions in order to mitigate knocking tendencies,
seeking an improved engine performance.

One of the most efficient ways to achieve this is by using fuels with
a higher Research Octane Number (RON) than gasoline, which extends
vailable online 12 May 2023
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their resistance to knock [8]. Among these, Compressed Natural Gas
(CNG) arises as viable choice due to the highly developed infrastructure
for its production and distribution. This fuel has less carbon-content
than gasoline, which reduces the emission of hazardous pollutants and
green-house gases (GHG), specially considering that it can be produced
by renewable sources [9]. Additionally, the refinement process of CNG
is quite easier, reducing the fuel cost [10]. Another interesting alter-
native is the substitution of the standard Otto cycle camshaft with
a Miller cycle camshaft, which is characterized by closing the intake
valve at an earlier stage. This strategy controls the maximum pressure
and temperature at full loads, enabling the increase of the engine
compression ratio, and also allows to reduce the pumping loses at
partial loads, improving the volumetric efficiency of the engine [11,12].

During recent years several investigations have been carried out to
evaluate the use of these strategies as potential technical definitions
for future SI engine architectures. Aghahasani et al. [13] studied the
effects of Natural Gas Direct Injection (NGDI) on the performance
and knock behavior of a light-duty SI engine by Computational Fluid
Dynamics (CFD), proving that at full load and for a compression ratio of
12.5:1 the knock intensity was extensively reduced as the percentage
of natural gas increased, also reducing the CO2 emissions by 23.5%
compared to pure gasoline. Wang et al. [14] studied the effects of
Miller cycle in a lean burn natural gas SI engine, showing that for
a Late Intake Valve Closing (LIVC) the peak in-cylinder pressure and
combustion temperature were reduced, leading to lower NOx formation
and an effective knock mitigation strategy. Moreover, Xing et al. [15]
performed similar studies but combining the Miller cycle with a higher
compression ratio of 14:1, arriving at a configuration that could im-
prove the fuel consumption by 4.1%. However, these investigations
on the use of Miller cycle with CNG have mainly focused on heavy-
duty engine applications, whereas for light-duty engines there is still
an important research gap.

Interestingly, a convergence point for all of these research works is
the fact that these strategies have a negative impact on the combustion
process itself. In the case of CNG it is due to the lower laminar flame
speeds of this fuel compared to gasoline [16,17], resulting in a longer
combustion duration which can increase the heat losses through the
cylinder walls [18,19], and limit the synergies of the system with
Exhaust Gas Recirculation (EGR) due to the need for advancing the
spark timing (ST) in order to obtain the maximum power output. On
the other hand, for the Miller cycle the deteriorated combustion is due
the compromised in-cylinder flow conditions that stem from closing
the intake valve at an earlier stage [20]. Thus, another interesting
solution that has not been extensively evaluated in the literature is
the integration of an enhanced ignition system to this type of engine
configuration.

Among several high-energy igniters, the pre-chamber (PC) ignition
system, or Turbulent Jet Ignition (TJI), has gained a lot of attention
in recent years [21,22]. This strategy consists of locating the standard
spark plug inside a confined volume called ‘‘pre-chamber’’. Several
holes are manufactured in the bottom part of this pre-chamber, con-
necting this region with the main combustion chamber (MC) [23,24].
Thus, after the flame propagates inside th pre-chamber and reaches
the holes, hot turbulent jets are ejected into the main chamber to
ignite this region, accelerating the burn rates. This enables the use of
higher compression ratios as the mixture is burned before reaching the
auto-ignition delay times for the appearance of knock, and also allows
to burn highly diluted mixtures [25,26], which makes it compatible
with the use of EGR [27]. In addition, the passive TJI system has
a mechanical simplicity that allows it to easily replace the conven-
tional spark-plug, making it an interesting and affordable solution for
passenger car applications.

Thus, given that there has not been extensive research on the
combination of all these strategies into a single engine configuration,
this paper provides novel contributions to the understanding of the
2

cross-effects of these different technologies (operation with CNG and
Miller cycle to enable the use of a higher compression ratio, and use
of a passive pre-chamber igniter to improve the combustion process)
over a potential technical definition for the next generation of high-
efficiency SI engines, in order to improve the performance and reduce
the environmental impact of future passenger car vehicles.

Furthermore, the main objective of this research is the detailed
study of the aforementioned engine configuration. For this purpose,
a non-conventional methodology was developed for performing the
analysis at different levels with multiple tools, pushing the investiga-
tion forwards in a coherent way. Several investigations from the past
years have relied on numerical models to overcome the experimental
limitations when analyzing the pre-chamber concept for engine appli-
cations [28,29]. Therefore, this research work was carried out using a
state-of-the-art 3D-CFD model to study the underlying physical char-
acteristics of the employed technologies (in-cylinder fluid-dynamics,
pre-chamber scavenge and turbulence generation, and overall devel-
opment of the combustion process). For this purpose, a relevant high
load/speed operating point of the engine map was simulated and com-
pared with experimental data to validate the CFD model. Thereafter,
an experimental campaign was carried out to evaluate the proposed
engine configuration in several operating conditions, with and without
EGR dilution. Finally, WLTP transient driving cycle simulations were
carried out in a 1D vehicle model, to compare the fuel consumption
and CO2 emissions of the new engine definition with a conventional SI
engine configuration fueled with gasoline.

2. Tools and methodology

A combination of 1D through 3D numerical simulations and ex-
perimental campaigns were carried out to perform the studies of this
research. Using the real engine geometry, a 3D-CFD model was de-
veloped and validated with experimental results for a baseline engine
configuration. To enrich the knowledge on the behavior of the passive
pre-chamber ignition system, the model validation was done for both
gasoline and CNG, in order to study the characteristics of the com-
bustion process using these two fuels. In this section, the experimental
setup and the numerical models are described.

2.1. Experimental facilities

A baseline architecture of a 4-stroke turbocharged single-cylinder SI
engine was used to carry out the first experimental tasks. These initial
experiments were performed for both gasoline and CNG fuels, in a low
displacement (404cc) research engine with a geometric compression
ratio of 13.4:1. The engine incorporates a Port Fuel Injection system,
a cylinder head with a double-overhead standard camshaft, two valves
for the intake and two valves for the exhaust, aiming to improve the
scavenging and filling of the cylinder. The passive pre-chamber system
was installed in the small housing for the conventional spark plug, to
make an easy exchange between the conventional SI concept and the
pre-chamber concept. The most relevant characteristics of the baseline
engine are shown in Table 1. In a later stage of this research, a more
extensive experimental campaign was carried out in a new engine
architecture with a higher compression ratio (15.4:1) and using a Miller
cycle camshaft. This will be further explained in the upcoming sections.

The engine used in this research was assembled in a fully instru-
mented test cell following the scheme of Fig. 1. To simulate boost
conditions, an external compressor was used. For controlling exhaust
back-pressure, a throttle valve located in the exhaust line after exhaust
settling was used. A low-pressure EGR system was placed to provide
arbitrary levels of cooled EGR. To measure instantaneous pressure
inside the cylinder as well as the intake and exhaust ports, a piezo-
resistive sensor was used, with a resolution of 0.2 CAD of high sampling
frequency signals. An exhaust analyzer HORIBA MEXA 7100 DEGR was

used to measure the air-to-fuel ratio as well as EGR rate; a lambda
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Fig. 1. Test cell scheme.
Table 1
Main specifications of the baseline engine.

Engine 4-stroke SI

Number of cylinders [–] 1
Displacement [cm3] 404
Bore–Stroke [mm] 80.0–80.5
Compression ratio (geometric) [–] 13.4:1
Valvetrain [–] DOHC
Number of valves/cylinder [–] 2 intake and 2 exhaust
Fuel injection system [–] PFI (pmax = 6 bar)

sensor placed at the exhaust pipe was used too for measuring the air-to-
fuel ratio. An AVL 577 conditioner was used to control and monitor oil
and water temperatures and pressures. To measure the engine fuel con-
sumption, a BRONKHORST F-113AC-M50-AAD-44-V flow-meter was
used. Aiming to have complete knowledge of the facilities, the most
relevant characteristics of the equipment are described in Tables 2 and
3.

The experimental activities were carried out using a calibrated
compressed natural gas (CNG) fuel with a Research Octane Number
of 120 (RON120), compared with the reference gasoline fuel with a
95 Research Octane Number (RON95). The main properties of both
fuels are described in Table 4. High load and high engine speed
conditions (12.8 bar IMEP @4500 rpm) with standard cycle operation
were used for comparing the gasoline and CNG fuels, in order to make
an initial characterization of the combustion process with the passive
pre-chamber ignition concept [30,31].

To calculate cycle-averaged combustion-related parameters, an in-
house 0D combustion diagnosis software was used, internally called
3

Table 2
Test cell equipments.

Variable [Low frequency] Sensor/equipment Specification

Engine speed [rpm] Optical angular encoder 1 to 6000 ± 1
Engine torque [Nm] Strain-gauges torque-meter −200 to 200 ± 1
Intake pressure [bar] Piezoresistive transducer 0 to 10 ± 0.001
Exhaust pressure [bar] Piezoresistive transducer 0 to 10 ± 0.001
Intake temperature [◦C] Thermocouple K-type 0 to 1000 ± 0.5
Exhaust temperature [◦C] Thermocouple K-type 0 to 1000 ± 0.5
Fluid temperature [◦C] Pt100 thermoresistance −200 to 850 ± 0.3
Air flow [m3/h] Rotary flow meter 0.05 to 160 ± 0.12%
Fuel flow [kg/h] Fuel Meter AVL 733S 0.05 to 160 ± 0.12%
Blow-by flow [m3/h] Flow Meter AVL 442 0 to 4.5 ± 1.5%
Equivalence ratio [–] UEGO NGK Sensor 0.01 to 2 ± 0.01%
Pollutant emissions HORIBA MEXA 7100 See Table 3
Smoke level [FSN] AVL Smoke Meter 0 to 10 ± 2%

Signal [High frequency] Sensor/equipment Specification

Cylinder pressure [bar] Piezoelectric sensor 0 to 250 ± 0.25
Intake pressure [bar] Piezoresistive sensor 0 to 10 ± 1%FSO
Exhaust pressure [bar] Piezoresistive sensor 0 to 10 ± 0.3%FSO
Injection pulse [A] Clamp-on ammeter 0 to 20 (37 mV/A/10 V)
Injection pressure [bar] Piezoresistive sensor 0 to 2000 ± 1.5%FSO
Angular speed [–] Optical angular encoder 1800 pulse/rev (0.2 CAD)

‘‘CALMEC’’. Global parameters such as the Indicated Mean Effective
Pressure (IMEP), maximum cylinder pressure (Pmax), pressure gradient
(dP/d𝛼) and combustion stability indicators (COV IMEP and 𝜎IMEP)
are derived directly from the analysis of the cylinder pressure signal,
while the start of combustion (SoC) and the main burning angles (CA10,
CA50, CA90) are obtained from the law of heat release (HR) and the
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Fig. 2. Computational domain and characteristics of the mesh.
Table 3
HORIBA MEXA 7100 specifications.

Pollutant Analyzer Range Tolerance

HC FID min. 0 to 10 ppm C ±4%
max. 0 to 50 000 ppm C

NO/NOx CLD min. 0 to 10 ppm C ±4%
max. 0 to 10 000 ppm C

CO NDIR min. 0 to 3000 ppm C ±4%
max. 0 to 12 vol %

CO2 NDIR min. 0 to 5000 ppm C ±4%
max. 0 to 20 vol %

O2 PMA min. 0 to 5 vol % ±4%
max. 0 to 25 vol %

heat release rate (HRR), which is estimated from solving the first law
of thermodynamics using the measured in-cylinder pressure [32,33].

2.2. Numerical model

To gain further insight on the passive pre-chamber combustion
process, a CFD model was developed from the real engine geometry
and implemented in CONVERGE [34]. The computational domain is
shown in Fig. 2, which includes the intake and exhaust ports and the
pre-chamber ignition system.

A brief remark about the pre-chamber alignment with respect cylin-
der axis is that they are not co-axial, due to the design of the cylinder
head. With respect to the employed mesh, hexahedral elements were
used, with a base cell size of 4 mm and refinements that go from
0.125 mm for the pre-chamber walls to 0.5 mm for the main chamber
walls. The intake and exhaust ports have cells of 2 mm, while inside
cylinder the size of the cells is 1 mm. With respect to the pre-chamber
region, the cells were refined to a size of 0.25 mm. An Adaptative Mesh
Refinement (AMR) algorithm was implemented to improve the grid
4

Table 4
Main specifications of both fuels.

Type CNG RON120

H/C ratio [mol/mol] 3.84 mol/mol
O/C ratio [mol/mol] 0.0 mol/mol
A/Fst [–] 16.72
Lower Heating Value (LHV) [MJ/kg] 48.931
Density (15 ◦C) [kg/m3] 5
Reduced formula (CxHyOz) 1.077 (x) – 4.137 (y) – 0.0 (z)

Type Gasoline RON95

H/C ratio [mol/mol] 1.761 mol/mol
O/C ratio [mol/mol] 0.0 mol/mol
A/Fst [–] 14.374
Lower Heating Value (LHV) [MJ/kg] 42.793
Density (15 ◦C) [kg/m3] 843.8
Reduced formula (CxHyOz) 7.594 (x) – 13.376 (y) – 0.0 (z)

resolution based on velocity and temperature sub-grid scales of 1 m/s
and 2.5 K, respectively, down to a minimum cell size of 0.125 mm.
Focusing on the initial flame kernel and the early combustion evolution,
the resolution of the mesh was improved up to 0.0625 mm at the spark
gap location.

The wall heat transfer model proposed by Torregrosa et al. [35]
was used to estimate the initial temperatures for the piston, liner and
cylinder head boundaries. the inflow and outflow boundary conditions
were taken from the experimental pressure and temperature signals in
the intake/exhaust ports. These profiles are shown in Fig. 3 for the
baseline engine experiments fueled with both gasoline and CNG at 4500
rpm and 12.8 bar IMEP.

To model the in-cylinder turbulence using an unsteady Reynolds-
averaged Navier–Stokes (URANS) framework [36], an eddy-viscosity-
based two-equation turbulence model was selected (RNG k-𝜖) [37,38].
This model was chosen due to its accurate predictions of the in-cylinder
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Fig. 3. Experimental intake and exhaust pressures for gasoline and CNG at 4500 rpm
and 12.8 bar IMEP.

flow dynamics and improved computational cost compared to other tur-
bulence models [39,40]. The wall functions proposed by Angelberger
et al. [41] have been employed to model the heat transfer in the near-
wall region, with 3 embedded layers for cells of 0.5 mm added to
the cylinder wall boundary. These functions have been calibrated to
a set of experiments and account for the quasi-isothermal flow during
the compression stroke, and the non-isothermal wall flow during the
combustion process. The compressible flow properties were calculated
with the Redlich–Kwong equation of state [42].

For combustion modeling, a two-zone flamelet-based model (ECFM)
was chosen [43,44]. This model solves a transport equation for the
flame surface density (𝛴), that allows it to describe the progression
of the flame front [45,46]. The main equations solved by the ECFM
model are presented below. 𝑃1 in Eq. (2) models the production of
flame surface by the effects of turbulent stretch along the flame front.
𝑃2 (Eq. (3)) accounts for the effects of thermal expansion and curvature
of the flame. 𝑃3 (Eq. (4)) represents the flame surface production
due to mean flow dilation. In this term, �̄�𝑙 is the volume-averaged
laminar flame speed, while 𝑐 is the mass progress variable which is
calculated by Eq. (6), where 𝑌 𝑏

𝑖 represents the burned species mass
fraction and 𝑌 𝑢

𝑖 represents the mass fraction of un-burned species.
Finally, the term 𝐷 of Eq. (5) is a corrective parameter that accounts
for the destruction of flame surface due to consumption. In this equa-
tion, 𝛽 is a model constant defined by the user and 𝑐 is the volume
progress variable, calculated in function of the mass progress variable
by Eq. (7).

𝜕𝛴
𝜕𝑡

+
𝜕𝑢𝑖𝛴
𝜕𝑥𝑖

= 𝜕
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(
𝜇
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𝜕𝑥𝑖

) + (𝑃1 + 𝑃2 + 𝑃3)𝛴 −𝐷 + 𝑃𝑘 (1)

1 = 𝛼𝐾𝑡 (2)

2 =
2
3
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5
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Fig. 4. Laminar flame speed validation for iso-octane and methane.
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∑
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∑

𝑖 𝑌
𝑏
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(6)

̄ =
𝜌
𝜌𝑏

𝑐 (7)

Despite not taking into account detailed chemistry calculations, the
ECFM model can describe the turbulent premixed flame propagation
very accurately [47]. This leads to a reduced computational time due
to a decrease in the use of species transport equations. In addition, the
aforementioned model also works with a spark ignition sub-model (IS-
SIM), that simulates the spark breakdown and discharge by resolving a
differential equation for a simplified version of the spark-plug electrical
circuit [48,49].

In order to account for the chemical properties of the flame, tab-
ulated values are required by the ECFM model. A Tabulated Kinetic
Ignition (TKI) table is needed to consider knocking combustion phe-
nomena, while another table with the laminar flame speeds of the
air–fuel mixture is also required. Following the methodology set by
Benajes et al. [50,51], the tables were generated by several 0D well-
stirred reactor calculations for ignition-delay and 1D laminar flame
speed simulations. Thereafter, the tables were arranged for various
combinations of temperature, pressure, mixture composition (EGR) and
relative air-to-fuel equivalence ratio (𝜆). A brief example of the afore-
mentioned calculations is presented in Fig. 4, where different reaction
mechanisms for Primary Reference Fuels [52–57] were compared with
experimental results [58,59]. Pure iso-octane was used as the gasoline
fuel surrogate, while pure methane was used as the CNG fuel surrogate.
Finally, from the laminar flame speed results shown in the previous
figure, the mechanisms from Liu et al. [52] and GRI Mech 3.0 were
selected to generate the data tables for gasoline and CNG respectively,
as these gave the most accurate predictions of the flame properties.
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Fig. 5. Model validation for the simulated operating points (high load/speed conditions
for both gasoline and CNG).

2.3. Validation of the CFD model

To ensure that the numerical solution is well representative of
the real engine physics, a validation of the CFD model is required.
Therefore, the experimental results at 4500 rpm and 12.8 bar IMEP
were considered for this validation, given that previous investiga-
tions performed by the authors have demonstrated the benefits of
the passive pre-chamber ignition concept under these high load/speed
conditions [30,60]. The experiments correspond to the Maximum Brake
Torque (MBT) conditions of each fuel in this running point, using a
pre-chamber with the geometrical parameters described in Table 5.

The simulation results are presented in Fig. 5, where the main
chamber pressure and HRR traces are shown for both fuels, contrasted
against the experimental data averaged over 250 consecutive firing
cycles. The fluctuations of the experimental signals have also been
included in each plot. As can be seen, for both gasoline and CNG,
the CFD model manages to capture the measured pressure profile very
accurately, being contained within the experimental error range. The
simulated HRR also shows a good behavior in terms of combustion
onset, duration and maximum burn rates. However, this parameter
is not a strict requirement for the model validation, given that the
experimental curve is estimated from a 0D software. In addition, the 3D
model was validated against other indicated parameters of the engine,
such as the IMEP and the indicated efficiency. As it can be seen in
Table 6, the simulations provided accurate predictions with an error
below 1%, further verifying the robustness of the numerical solution.
These results provide a solid foundation for performing a detailed study
of the combustion process with the CFD model.

2.4. Methodology

The studies presented in this research work consist of a combination
of experimental activities and numerical simulations. A methodology
loop composed by 4 stages was defined for this investigation. In the
6

first stage, the conventional SI and passive pre-chamber concepts are
Table 5
Main specifications of the pre-chamber.

Geometric parameter Value

Volume [mm3] 600
Number of holes 6
Holes diameter [mm] 0.7
A/V ratio [1/m] 3.9

Table 6
Comparison of indicated parameters for the baseline engine simulations and
experiments at 4500 rpm and 12.8 bar IMEP.

Employed IMEP [bar] Indicated eff. [%]

fuel Experimental Simulated Experimental Simulated

Gasoline 12.8 12.85 43.4 43.5
CNG 12.8 12.93 41.8 41.9

compared in the baseline engine configuration, operating in un-diluted
stoichiometric conditions (𝜆 = 1) with gasoline and CNG fuels. This ac-
tivity was performed with the aim of investigating the impact of the fuel
on the passive pre-chamber combustion process, and the benefits of the
concept considering knock limited and non-limited conditions. For this
purpose, an operating point combining both high engine load and speed
(4500 rpm @12.8 bar IMEP) was selected to make the comparison.
The measurement methodology considered in these experiments was
the same as previous researches [61,62], optimizing the spark-timing
to achieve MBT conditions. It is important to point out that to make an
adequate comparison, and considering that the Lower Heating Values
(LHV) of both fuels are different, the mass was adjusted in each case
to release the same amount of energy (iso-IMEP conditions).

The second stage of this research focused on the transition to a new
engine architecture, integrating technological bricks to further exploit
the advantages of using CNG and the pre-chamber system. This engine
configuration includes the addition of a Miller cycle camshaft and the
increase of the geometric compression ratio. Furthermore, the CFD
model was used to pre-evaluate this new engine architecture in terms
of main chamber and pre-chamber scavenge, turbulence generation and
combustion process.

In the third stage, the new engine definition was set up on the
test bench, in order to carry out a broad experimental campaign at
different speeds and loads, aiming to generate full engine maps for sto-
ichiometric conditions, both with and without EGR. The experimental
conditions for this activity are described in Table 7, that consist of 3
valid repetitions for each running point, in order to obtain a trusted
average value. Finally, in the last stage of the research real driving
cycle simulations were carried out to assess the performance of the
new engine. A 1D model was implemented in GT-Power to simulate
the full vehicle, operating with a conventional SI engine architecture
using gasoline and the new engine definition using CNG and the passive
pre-chamber concept. The results for both powerplants are compared in
terms of fuel consumption and CO2 emissions during the driving cycle.

3. Results and discussion

This section presents and analyzes the experimental and numerical
results of the research, focused on the optimization of the engine archi-
tecture to operate with CNG and the passive pre-chamber concept. For
this purpose, the experimental results will be compared against the CFD
model with 2 configurations equipped with the passive pre-chamber
ignition system. First, the baseline engine, with the specifications that
were shown in Table 1, and then for the second configuration, the

engine with Miller cycle and increased compression ratio.
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Table 7
Operating conditions for mapping the new engine architecture.

IMEP Engine speed
[bar] [rpm]

Point 1 3.50 1250
Point 2 10.0 1250
Point 3 8.50 1750
Point 4 12.0 1750
Point 5 3.50 2000
Point 6 8.50 2000
Point 7 13.6 2000
Point 8 6.00 2500
Point 9 12.0 2500
Point 10 3.50 3000
Point 11 8.50 3500
Point 12 3.50 4000
Point 13 13.3 4000
Point 14 14.0 4000

Point 15 11.0 1250
Point 16 14.0 1250
Point 17 11.4 1500
Point 18 12.5 1500
Point 19 15.0 1500
Point 20 15.0 1750
Point 21 15.0 2000

3.1. Analysis of the baseline engine architecture

This first study with the base engine configuration has been carried
out under stoichiometric conditions and without using EGR, at high
load (12.8 bar IMEP) and high speed (4500 rpm) [30]. The most
relevant results of the experimental hood are summarized in Fig. 6,
where 3 important parameters related to the combustion process are
shown in bar graphs, the CA50 (combustion phasing) which indicates
the crankangle at which 50% of the fuel mass has been burned, the
𝜎IMEP which represents the cyclic variability of the mean effective
pressure, and the indicated engine efficiency. Regarding to the black
bar, it represents the results using the conventional spark plug while the
blue bar shows the results using the passive pre-chamber. The dashed
horizontal lines highlight the values of each particular parameter with
the conventional spark plug.

When operating with gasoline, the indicated performance of the
engine increases from 40.3% to 43.4%, or by 3 percentual points, when
switching from the conventional spark plug to the pre-chamber, which
translates into an efficiency improvement of 7.7%. This increase in
efficiency is due to the appearance of the knocking phenomenon when
operating in these conditions with the conventional SI concept, due to
the combination of high pressure and temperature reached by the high
compression ratio of the engine. This prevents CA50 values closer to
TDC from being reached, since very small variations in the ignition
timing cause a significant increase in the cycles where knocking ap-
pears, generating inadmissible values of 𝜎IMEP (over 10%). However,
when using the pre-chamber, the increase in heat release rate allows to
mitigate the knocking trend, obtaining CA50 values closer to TDC and
improving combustion stability, which leads to an increase in thermal
efficiency.

On the other hand, when operating under the same conditions but
using CNG as fuel, this behavior is no longer observed. The engine per-
formance using the spark plug and the pre-chamber are the same. This
is mainly due to the fact that with CNG the knocking phenomenon no
longer appears, since the fuel has a higher octane number (RON120).
For this reason, the advantages of the accelerated combustion of the
pre-chamber are no longer reflected in the performance of the en-
gine, given that with both ignition systems an optimum CA50 can be
achieved. However, from this experimental campaign it is not possible
to obtain more details on how the combustion process evolves inside
the main chamber. For this reason, the developed CFD model was used
7

Fig. 6. Experimental results for the baseline engine at high load/speed conditions
(12.8 bar IMEP @4500 rpm) fueled with gasoline and CNG at 𝜆 = 1 without EGR.

o further study these results, and try to understand the underlying
hermochemical and physical characteristics that can help to optimize
he engine design for CNG use.

To better understand the combustion process with the pre-chamber,
ig. 7 shows a series of snapshots at different crankangle degrees after
he Spark timing of each case (CAD aST), to observe the evolution of
he flame propagation in the main chamber for both gasoline and CNG.
ighlighted in green are the limits of the jets, which are calculated
ith a user-defined function programmed into the CFD code for this

esearch work, and in the color scale the source term of the energy
quation is shown, which represents the flame itself. On the other hand,
he right-side of the figure presents two graphs, where the heat releases
re shown for each case, divided into the amount of energy consumed
nside the jets (blue curve), the energy released outside the jets (black
urve) and the total HRR (red curve). As it can be seen, the combustion
attern is very similar for both fuels, where the flame starts to develop
nside the jet boundaries and then is able to progress outside these
oundaries and propagate as a conventional SI engine flame front. It
s noteworthy that the mixture burns mostly outside of the jets. For the
ase of gasoline, approximately only 25% of the mixture is consumed
nside the jets, while for CNG, it increases slightly although it does not
xceed 35% of the total mass of the main chamber.

Regarding the combustion process inside the pre-chamber, Fig. 8
hows 4 graphs: in the top one, the laminar flame speed is observed;
n the middle graphs, the pressure differential (𝛥p) between the pre-
hamber and the main chamber and the momentum of the jets are
lotted; and finally, the bottom plot shows the main chamber pressure
or both fuels. All of them present on the horizontal axis the evolu-
ion of the crankangle referenced to the spark timing (CAD aST). It
an be observed how the laminar flame speed of CNG is lower than
or gasoline, which slows down the combustion process for this fuel.
onsequently, the reduced burn rates have a direct impact over the

et ejection parameters. As the combustion is slower inside the pre-
hamber, it is observed that the peak pressure differential generated
or CNG is around 30% lower, as well as the maximum momentum flux
f the ejected jets. However, the ejection parameters are also affected
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Fig. 7. Visualization of the main chamber combustion process using gasoline and CNG. The heat release in the main chamber is presented on the right side, divided into the
amount of mass consumed inside and outside of the jets.
by the higher main chamber pressure that they need to overcome, as
it can be seen in the bottom plot. Given that the stoichiometric air-to-
fuel equivalence ratio of CNG is higher than gasoline, greater intake
pressures are needed to reach this value (see Fig. 3 for reference), thus
increasing the cylinder pressure at the Intake Valve Closing (IVC).

Additionally, another interesting study of the combustion process
with the pre-chamber can come from analyzing the flame surface
that is generated, since in essence, the TJI system consists of a large
and distributed surface ignition instead of a localized spot ignition
like that of a conventional spark plug. In Fig. 9, the flame surface
evolution for CNG and gasoline is presented. This figure also shows
a three-dimensional representation of the flame for an SI engine with
a conventional spark plug and an SI engine equipped with the passive
pre-chamber concept, at 15 CAD after their respective spark timings.
From this plot, it can be observed that the TJI concept generates a flame
surface which is over 4 times greater than the conventional spark plug.
Additionally, it is seen that when operating with CNG the generated
surface is higher than for gasoline. This is mainly due to the different
in-cylinder flow conditions discussed in the previous figure.

Having a larger flame surface helps to consume more fuel mass per
square meter, as long as competitive levels of combustion velocities
(laminar + turbulent) are maintained. Furthermore, with the analysis
presented, it makes sense to use the combination of CNG with the pre-
chamber concept, as the reduced laminar flame speeds can be overcome
by the higher turbulent flame speeds generated with the TJI combustion
system, and having a larger flame surface than gasoline also presents
a considerable advantage when combining these two technologies.
However, other modifications to the engine architecture must be made
to take advantage of the intrinsic properties of natural gas and improve
combustion in the pre-chamber to obtain better jets.

3.2. Transition to the new engine architecture

In view of the results obtained with the base configuration, it is
necessary to implement improvements in the engine if the advantages
offered by the use of CNG and the TJI system are to be fully harnessed.
8

As anticipated in previous sections, one of the main changes in the
new configuration is the increase of the geometric compression ratio
from 13.4:1 in the base engine to 15.4:1. This value was selected to
operate the new engine architecture in equivalent (similar) conditions
at TDC compared to the original engine architecture in terms of knock
limitations of both fuels (gasoline for the original engine configuration
and CNG for the new engine configuration). This way, the potential
benefits of the accelerated combustion generated with the pre-chamber
system can be truly exploited.

On the other hand, the second important modification with respect
to the base configuration is the use of the Miller cycle. The main
purpose of this change in the cycle is to increase engine efficiency
and reduce pumping losses [12]. It should be remembered that the
use of a Miller cycle can impair both turbulence generation and the
sweep of residual gases that remain in the cylinder due to the early
closure of the intake valve. However, this can be compensated for with
the use of a higher compression ratio and the passive pre-chamber.
Compared to a standard Otto cycle in a conventional SI engine, looking
at Fig. 10, the valve lift profiles are slightly different. In this figure, the
solid lines correspond to the intake valve profiles, while the dashed
lines correspond to the exhaust valves. The main difference lies in the
advance of the Intake Valve Closing when using a Miller cycle, which
significantly reduces the pumping work of the engine.

The next step in the investigation was to use the previously cali-
brated CFD model for CNG to simulate the new engine configuration
under the same operating conditions as previously described (high
engine load/speed), and using the same fuel (CNG). These results were
compared with those of the baseline engine, both operating with the
passive pre-chamber system. Fig. 11 shows the filling of the cylinder
and the pre-chamber with fresh gases coming from the intake. It can
be seen that the use of a Miller cycle leads to a slight decrease in the
amount of fresh mixture entering the cylinder, about 4% less. This trend
is also present in the pre-chamber; however, as the cycle approaches
TDC, the final amount of fresh mixture in this region hardly differs by
1%. This is mainly due to the increase in compression ratio, as the pre-
chamber is effectively filled during the compression stroke [50,63]. For
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Fig. 8. Laminar flame speeds, jet ejection parameters (𝛥p and momentum flux) and
n-cylinder pressure for the baseline engine configuration fueled with gasoline and CNG.

his reason it does not present as large a difference as the main chamber
n terms of un-scavenged residual gases.

In addition to compromising the amount of un-swept residual gases,
he use of the Miller cycle also influences the generation of turbulence
n the cylinder. Looking at the top graph in Fig. 12, a large difference in
9

he turbulent kinetic energy (TKE) levels in the main chamber during
the intake stroke can be observed. Although these levels then balance
out during compression, the middle graph shows a 20% reduction in
TKE levels at spark timing (15 CAD before TDC). However, due to
the increased compression ratio, the trend inside the pre-chamber is
reversed. Due to the higher pressure differential between the main
chamber and the pre-chamber, the gas exchange process generates 25%
higher TKE levels at the moment of ignition in the new configuration
using the Miller cycle.

As a direct consequence of the higher levels of turbulence, the
combustion process inside the pre-chamber is accelerated. This fact can
be appreciated in Fig. 13, where both the HRR profile and pressure
in the main chamber are plotted for the standard and Miller cycle
configurations. Here, an earlier combustion onset is observed for the
new engine definition, which in combination with the higher pressure
generated during the compression stroke due to the increased com-
pression ratio, lead to a higher pressure profile during the combustion
process.

Finally, in spite of the degradation of turbulence inside the cylinder
and the increase of un-scavenger residual gases, this new engine config-
uration is able to achieve a faster combustion inside the pre-chamber,
leading to better jets ejected towards the main combustion chamber.
Therefore, this leads to an increase of the indicated engine efficiency
of around 3% with respect to the baseline engine architecture operating
with CNG.

3.3. Experimental characterization of the new engine architecture

After highlighting the expected benefits of the new engine archi-
tecture, this section focuses on characterizing the behavior of this new
engine configuration fueled with CNG in the engine map, discussing the
impact of using a high-octane fuel and an advanced ignition strategy.
Likewise, the impact of implementing EGR in terms of consumption,
combustion stability, knocking and heat release is also discussed.

The most relevant combustion-related parameters for stoichiometric
conditions without EGR are presented in Fig. 14, where the results
for the 21 points described in Table 7 are shown. In this figure,
the top-right plot shows the Maximum Amplitude Pressure Oscillation
(MAPO), a method of knock detection that relies on the frequency
domain processing of the in-cylinder pressure signal data, which is
studied in detail by Siano et al. [64]. Taking into consideration that
3% to 5% of heavy knock events are judged to be acceptable for the
engine operation, this criterion was applied to define the admissible
MAPO values. In the top-left plot, from mid to high engine speeds
and loads, high indicated efficiency levels are observed, particularly at
high speed/load conditions where a 44.2% efficiency is achieved. This
matches the 3% efficiency gain that was expected from the CFD results
of Fig. 13, recalling that for the baseline engine definition the efficiency
levels in these conditions were below 42% (Fig. 6). On the other hand,
the efficiency levels drop considerably when operating at low engine
speeds.

Particularly, at low speed and high loads (low-end torque map
region), significant issues are shown that compromise the operation of
the engine, as can be seen in the bottom-left and top-right plots. The
advanced CA50 values indicate that combustion in this region of the
map cannot be shifted towards the expansion stroke due to combustion
stability problems. As a result of the advanced combustion phasing,
loads in the low-end torque map region are limited by knock (high
MAPO values) and MBT conditions cannot be reached, leading to a very
negative impact on the levels of efficiency. In addition, as it can be seen
in the bottom-right plot of Fig. 14, in the low-end torque map region
the combustion duration is considerably reduced.

This last remark is better observed in Fig. 15, where the main
chamber HRR is plotted for both the conventional SI concept and the
passive pre-chamber concept in the highlighted conditions of the engine
map. The HRR profiles of points 1 and 3 show a similar combustion



Applied Thermal Engineering 230 (2023) 120754R. Payri et al.
Fig. 9. Flame surface for gasoline and CNG combustion in the baseline engine using the passive pre-chamber system. The flame surface generated in a gasoline-fueled SI engine
using the conventional spark plug is also shown for reference. The 3D snapshots are taken for a crankangle of 15 CAD after the respective spark timings.
Fig. 10. Valve lift profiles for standard and Miller cycles.

phasing between both ignition systems, which leads to a suitable per-
formance in those conditions. However, for point 2 (low-end torque),
the combustion process for the pre-chamber is considerably faster,
advancing the CA50 even earlier than the TDC. In this point, trying to
delay the spark timing results in inadmissible levels of cycle-to-cycle
variability (CCV), which prevents the achievement of higher engine
loads. Furthermore, it can be observed that the advanced combustion
phasings caused by the accelerated burn rates of the TJI system can lead
to a knocking trend, as was observed in the MAPO values of Fig. 14.

On the other hand, the same conditions were tested but with the
addition of EGR. The EGR levels were controlled by regulating the
output pressure of the EGR compressor, as well as by regulating the
EGR valves through the PID controllers in order to achieve a finer
tuning. The dilution levels (EGR), which are shown in the top-left plot
of Fig. 16, were targeted to maximize the gross indicated efficiency at
10
Fig. 11. Mass fraction of fresh gases in the pre-chamber and main chamber for the
standard and Miller cycles operating with CNG.
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Fig. 12. Comparison of turbulent kinetic energy in the pre-chamber and main chamber
for Standard and Miller cycles operating with CNG, (Top) Intake stroke, (Central &
Bottom) Compression stroke.

each operating point. According to the top-right and bottom-right plots,
the first remarkable aspect that can be observed is the significantly
longer combustion duration at low loads in the entire engine speed
range. Thus, the CA50 values are shifted towards the expansion stroke
at the same time as the EGR rate is increased, even operating at high
loads and low speeds, which allows to achieve optimum combustion
phasings in all the tested conditions. According to this, the addition of
EGR allows to extend the load limit as it increases the combustion dura-
tion, eliminating the aforementioned issues related to the extremely fast
burn rates achieved with the pre-chamber in the low-end torque region
of the map. Additionally, the efficiency levels in the whole engine map
are improved by adding EGR.

Going further in detail with the experimental results of the test
campaign, the impact of EGR was analyzed in terms of knocking and
combustion stability parameters in Fig. 17. This figure shows, in the
top-left and top-right plots, the Maximum Amplitude Pressure Oscil-
lation (MAPO) and covariance of the IMEP (COV IMEP) respectively
for the tests without EGR, and the same distribution in the row below
for the EGR tests. As it can be observed, the knock trendy area of the
11
Fig. 13. HRR and pressure in the main chamber for Standard and Miller cycles
operating with CNG.

tests without EGR (high MAPO values at the low-end torque region) is
also translated to increases in the cyclic variability of combustion (COV
IMEP). This is a product of the accelerated combustion rates achieved
with the pre-chamber in these conditions (shown in Fig. 15), which
prevents the engine from achieving suitable CA50 values. The limit of
acceptable cyclic variability according to the literature and considered
for this investigation is between 3% and 5% of the IMEP (depending
on the operating conditions).

Nevertheless, the previous low stability zone is avoided when the
EGR strategy is applied. This means that a new available operating
range at low/mid speed and high load is obtained when the EGR is
used. on the other hand, EGR has a negative impact on combustion
stability at low engine loads and high engine speeds as shown by
the bottom-right plot of Fig. 17, which can be explained due to the
shorter time to scavenge the pre-chamber plus the lower in-cylinder
temperatures reached during the combustion process.

In order to finish the experimental results, the fuel consumption was
analyzed in Fig. 18 to complete the understanding of this new engine
architecture. The same plot distribution as the previous figure was used,
in which the upper part shows tests without EGR and the lower part
tests with EGR. Likewise, the left part shows the gross consumption
and the right one corresponds to the net consumption. The first fact
that can be observed is the reduction in fuel consumption with the
addition of EGR due to a better combustion phasing. As expected,
pumping losses are reduced when operating with EGR, specifically at
low engine speeds. Another fact that can be observed, is the correlation
of combustion stability with the fuel consumption operating with EGR
at high engine speeds and low load.

3.4. Driving-cycle simulations of the new engine architecture

For the final part of this research, driving-cycle simulations were
performed in order to analyze a real application viability for the new
engine architecture. The simulations are based on a transitory driving-
cycle WLTP (World Harmonized Light-duty vehicle test Procedure).
This is a global standard procedure in which the main goal is to
determine pollutants, CO2 emissions and fuel consumption in conven-

tional light-duty vehicles, hybrids and pure electric vehicles. This test
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Fig. 14. Maps of the new engine architecture fueled with CNG without EGR.
Fig. 15. Analysis of 3 edges of the engine map: high load/speed conditions (point 3) low load/speed conditions (point 1) and low-end torque (point 2).
procedure was developed by the United Nations Economic Commission
for Europe (UNECE).

Furthermore, this procedure was applied to a 1D dynamic model in
GT-Power. A class 3 standard vehicle was simulated, equipped with a
4-cylinder engine, based on the previously investigated single-cylinder
engine, with a total displacement of 1.6 liters. The model has been
configured for benchmarking the performance of a standard SI engine
fueled with RON95 gasoline with those generated by the new engine
12
definition (Miller cycle, higher compression ratio and TJI system)
operating with CNG fuel.

Two different vehicles were simulated in order to compare the pre-
viously mentioned engine definitions. The first one, is a conventional
vehicle with a standard SI engine, operating with a compression ratio
of 10.5:1, without Miller cycle and keeping lambda 1 in the whole
engine map (without over-fueling). The second one, swaps the engine to
one fueled with CNG, setting the compression ratio to 15.4:1, equipped
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Fig. 16. Maps of the new engine architecture with EGR and CNG fueled.
Fig. 17. Comparison of the new engine architecture with and without EGR: combustion stability and knocking trend.
with a passive pre-chamber system and operating with a Miller cycle
camshaft, unless the intake pressure demands during accelerations
forces to switch to the standard camshaft, in order to follow the
dynamics of the driving cycle, somehow imitating a Variable Valve
Timing (VVT) system.

The following experimental input data was used for the model
configuration:

• Basic geometrical data: Cylinder bore, stroke, connecting rod
length.

• Valve timings and profiles for the selected camshafts.
• Combustion process profiles: Heat Release Rates (Wiebe func-

tions) calibrated to the database generated from the experimen-
tal cylinder pressure analysis (following the standard method-
ology, the model interpolates the Wiebe function parameters in
those operating conditions not directly evaluated experimentally).
These profiles use pre-tabulated values for the start of combustion
13
(CA10) and the combustion duration (CA10-90), which change
depending on the engine load and speed, as well as including
corrections for transient conditions. The combustion profiles in
each engine were calibrated for their respective operating points.

• EGR rates: They were kept equal for both engine architectures as
the tolerance of the new engine configuration to EGR was proven
to be similar than that of a standard SI engine.

In view of the results that can be seen in Fig. 19, the enormous
potential of the new engine definition can be seen. With regard to
the first graph, it can be seen how the total fuel energy required to
perform the WLTP driving cycle has decreased by approximately 5%
compared to the conventional SI engine. Furthermore, considering fuel
consumption (central graph), this difference increases to approximately
15%, a more than remarkable and expected decrease in consumption,
taking into account the high calorific value of CNG compared to
commercial RON95 gasoline. Finally, it should be remembered that the
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Fig. 18. Comparison of the new engine architecture with and without EGR: fuel consumption.
Fig. 19. Power consumption, fuel consumption and CO2 emissions for the World
Harmonized Light-duty vehicle test Procedure (WLTP) driving cycle comparing both engine
configurations.

main objective of this new engine configuration was to reduce pollutant
emissions, especially CO2. As can be seen in the last graph of Fig. 19,
the CO2 emitted is reduced by about 25% compared to the standard SI
engine configuration.
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This CO2 reduction is very promising as it is expected to increase
by further optimizing the engine hardware (passive pre-chamber design
or matching between the compression ratio and Miller intake opening
duration), as well as including other subsystems like turbocharger or
VVT, and by a fine-tuning of the engine control strategy.

4. Summary and conclusions

This investigation has addressed an important research gap of the
current literature by analyzing the cross-benefits of several techno-
logical bricks integrated into a single SI engine, in order to evaluate
a futuristic engine architecture for light-duty (passenger car) applica-
tions, providing insightful and novel contributions to both the scientific
community and the industry. The studied engine definition uses a
high compression ratio (15.4:1) to exploit the benefits of CNG and a
Miller cycle camshaft in terms of knock mitigation. However, as these
strategies have a negative impact on the combustion process itself,
an additional solution was evaluated by integrating the passive pre-
chamber concept in order to enhance the ignition event. Furthermore,
the research methodology adopted for this work has employed a broad
combination of experimental activities and 1D through 3D-CFD numer-
ical simulations to understand the underlying physical characteristics
of the studied technologies in terms of combustion and in-cylinder
fluid dynamics, and apply the acquired knowledge to assess the real
performance of the new engine architecture in terms of efficiency, fuel
consumption, CO2 emissions and synergies with EGR dilution.

Thus, the most important findings of the research are presented as
follows:

• Few differences were found between the ignition sequence and
combustion evolution of gasoline and CNG using the passive pre-
chamber concept, at least in un-diluted stoichiometric conditions
where the laminar flame speeds of both fuels are relatively high.
This gives an interesting degree of freedom to design the engine
in order to take advantage of the particular fuel properties of CNG
and the accelerated combustion process achieved with the passive
pre-chamber, product of the greater flame surface generated with
this ignition system.

• The Miller cycle operation deteriorates the fluid-dynamic condi-
tions inside the main chamber (lower levels of turbulence and
higher amounts of residual gases); however, the pre-chamber flow
conditions are improved with the higher compression ratio of the
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new engine architecture, enabling a suitable combustion process
in this region which in turn improves the combustion in the main
chamber.

• The overall performance of the new engine architecture operating
with CNG was improved with respect to the baseline engine,
achieving higher levels of efficiency even to those obtained with
the reference configuration operating with gasoline. Furthermore,
the addition of EGR allows to both achieve higher levels of
efficiency in the whole engine map and to extend the load limit
of the low-end torque region of the map.

• Finally, from the transient driving cycle simulations, the potential
of this new type of engine architectures fueled with CNG and
using the passive pre-chamber technology was confirmed. These
results showed a remarkable reduction both in fuel consumption
(about 15%) and in CO2 emissions (around 25%), compared to a
conventional SI engine definition fueled with gasoline. This was
achieved even without performing a dedicated optimization of
the complete engine power plant, which is the target of future
research activities.

ist of symbols/abbreviations

𝑺𝑰 : Spark-ignition
𝑪𝑰 : Compression-ignition
𝑻 𝑱𝑰 : Turbulent jet ignition
𝑴𝑪 : Main combustion chamber
𝑷𝑪 : Pre-chamber
𝑪𝑭𝑫: Computational fluid dynamics
𝑪𝑵𝑮: Compressed Natural Gas
𝑵𝑶x: Nitrogen oxides
𝑷𝑭𝑰 : Port fuel injection
𝑫𝑶𝑯𝑪: Double over-head camshaft
𝑪𝑶2: Carbon dioxide
𝝀: Relative air-to-fuel equivalence ratio
𝑬𝑮𝑹: Exhaust Gas Recirculation
𝑹𝑶𝑵 : Research Octane Number
𝑪𝑪𝑽 : cycle-to-cycle variability
𝑻𝑫𝑪 : Top dead center
𝑰𝑽 𝑪: Intake valve closing
𝑺𝑻 : Spark timing
𝑪𝑨𝑫: Crankangle degree
𝑪𝑨𝑫𝒂𝑻𝑫𝑪 : Crankangle after the Top dead center
𝑪𝑨𝑫𝒂𝑺𝑻 : Crankangle after the Spark timing
𝑯𝑹𝑹: Heat release rate
𝑯𝑹: Heat release
𝜟𝒑: Pressure difference between the pre-chamber and main chamber
𝑰𝑴𝑬𝑷 : Indicated mean effective pressure
𝝈𝑰𝑴𝑬𝑷 : Variability of the IMEP
𝑰𝑺𝑭𝑪 : Indicated specific fuel consumption
𝑴𝑨𝑷𝑶: Maximum amplitude pressure oscillation
𝑪𝑶𝑽 : Coefficient of variance
𝑪𝑨𝟓𝟎: Crankangle after 50% of fuel burned
𝑴𝑩𝑻 : Maximum Brake Torque
𝑼𝑹𝑨𝑵𝑺: Unsteady Reynolds-averaged Navier Stokes
𝑬𝑪𝑭𝑴 : Extended Coherent Flamelet Model
𝑻𝑲𝑬: Turbulent kinetic energy
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