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A B S T R A C T   

The increasing concern about Greenhouse Gas (GHG) emissions led the European Union to introduce increasingly 
stringent limits to the CO2 from road vehicles, with an impact on the sales of passenger cars. Vehicles equipped 
with Spark-Ignition (SI) engines became more numerous than those equipped with Compression-Ignition (CI) 
engines, due to the expensive aftertreatment system needed to comply with the restrictive European emission 
standards. However, SI engines provide lower efficiency than CI engines, due to the low compression ratio and 
the operation with a stoichiometric air–fuel ratio. Lean combustion can be a solution to increase SI engines’ 
efficiency. Nevertheless, extremely lean mixtures lead to an increase in Cycle-to-Cycle Variability (CCV). 

The prechamber ignition concept, also known as Turbulent Jet Ignition (TJI), is an attractive solution for lean 
combustion, without its drawbacks. There are two ways to implement this concept: active TJI and passive TJI. In 
active TJI, there is an additional fuel supply system inside the prechamber, while passive TJI operates without 
additional injection. Therefore, passive TJI offers advantages in terms of simplicity, easy packaging, and low cost. 

In this work, the effects of passive TJI on combustion and performance are investigated by simulation analyses. 
Particularly, a 1-D engine model was developed to simulate the TJI combustion and validated against the 
experimental data. Furthermore, model simulations were carried out to assess how the prechamber geometry, in 
terms of A/V ratio, affects the jet performance, main chamber combustion, and fuel consumption, for different λ 
values. 

The analysis was conducted in a medium-to-high speed and load operating condition, namely 4500 rpm and 
13 bar of Indicated Mean Effective Pressure (IMEP), under both stoichiometric and lean mixture. Simulation 
results demonstrated that the best jet performance and the highest engine efficiency are obtained for medium-to- 
high values of prechamber volume and large diameters, both in stoichiometric and lean-burn conditions, defining 
a common optimum prechamber design regardless of the λ level.   

1. Introduction 

Nowadays, the transport sector is going through an important 
turning point. The increasing concern about climate change, of which 
Greenhouse Gas (GHG) emissions are considered the main responsible, 
is pushing political institutions like the European Union to introduce 
increasingly stringent limits to the CO2 emitted by road vehicles [1]. 
Therefore, car manufacturers are forced to develop new technologies to 
meet these regulations, while ensuring adequate engine performance at 
a reasonable cost. Spark-Ignition (SI) engines represent the main pro
pulsion system for passenger cars, as they require cheaper 

aftertreatment systems to fulfill the European emissions standards if 
compared to Compression-Ignition (CI) engines. However, SI engines 
provide lower efficiency, and then lower fuel economy, than CI engines 
[2]. The main reasons are the low compression ratio (between 8 and 12) 
and the need to operate the engine with a stoichiometric air–fuel ratio (λ 
= 1.0). The latter is needed to guarantee an adequate flame speed, to 
ensure a stable combustion process [3], and the use of the Three-Way 
Catalyst (TWC) [4]. A viable solution to improve the thermal effi
ciency of a SI engine is lean combustion, which consists in operating the 
engine with lean mixtures (i. e. λ greater than 1.0) [5]. The lean-burn 
operation allows reducing heat losses through the combustion 
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chamber walls, increases the ratio of the specific heats (γ), and reduces 
pumping losses at part load [6]. However, the actual TWCs are not able 
to deal with lean mixtures [7] and then the imposed NOx emissions limit 
can be only achieved at very high air–fuel ratios (λ = 1.8 ÷ 2.0) [8]. 
Moreover, extremely lean mixtures result in ignition and flame propa
gation issues [9], promoting Cycle-to-Cycle Variability (CCV) and 
increasing the probability of misfire, with an unavoidable impact on HC 
emissions [10]. 

In this context, the prechamber ignition concept, also known as 
Turbulent Jet Ignition (TJI) [11–13], represents a very promising solu
tion for enabling the implementation of the aforementioned strategies, 
without their drawback in SI engines [14,15]. TJI concept uses a con
ventional spark plug to ignite the air/fuel mixture inside the pre
chamber, which is connected to the main chamber through a set of 
orifices [16]. The pressure increase resulting from the prechamber 
combustion process determines the ejection of a set of turbulent and 
reacting jets towards the main chamber, forcing the combustion onset in 
multiple locations, and sweeping the main chamber volume [17]. 

The characteristics of turbulent jets have been discussed in the 
literature [18,19]. Allyson et al. [20] studied the kinematics and the 
development of the reacting jets. TJI promotes very fast combustion in 
the main chamber and reduces the relative importance of CCV, espe
cially under lean mixtures, if compared to a conventional spark-ignition 
system [21]. Faster combustion also allows for reducing the knock 
tendency, thus enabling the increase of the compression ratio to further 
improve engine thermal efficiency [22]. 

There are two different approaches to implement the TJI concept, 
namely active and passive [11,12]. In active TJI [23], the prechamber is 
equipped with an additional fuel supply system, that allows direct 
control of the air–fuel ratio inside the prechamber, independently from 
that in the main chamber. 

In passive TJI systems [24], there is no additional fuel injection 
system inside the prechamber, so its air–fuel ratio cannot be directly 
controlled. Nevertheless, passive TJI offers advantages in terms of 
simplicity, easy packaging, and low cost, as the prechamber can be 
mounted instead of the conventional spark plug. However, the passive 
TJI deals with some issues, like the prechamber filling and scavenging, 
so the limits of the concept in terms of maximum air and/or EGR dilution 
should be still investigated. 

The TJI concept has been widely investigated [25]. Particularly, the 
increased combustion velocity [26,27] and its capability to operate 
under lean mixtures [28] make the active TJI concept an attractive 
technology to improve engine thermal efficiency while reducing 
pollutant emissions [29]. 

However, the extra cost of the fuel supply system inside the pre
chamber and the related control compromises its employment in pas
senger cars, where the packaging and manufacturing costs are critical 
issues. 

For this reason, the passive TJI concept seems to be a very promising 
solution to overcome these limitations, while decreasing fuel con
sumption and pollutant emissions in new SI engines [25,30]. The ad
vantages of the passive TJI in terms of faster combustion have been 
analyzed in [31] and [32], by assessing the impact of the concept under 
both air and EGR dilution, while in [33] the performance of different 
passive prechamber configurations is analyzed in detail, together with 
the air/EGR dilution limits. 

In this paper, the effects of the passive TJI concept on the combustion 
process both in stoichiometric and lean-burn operating conditions have 
been experimentally and numerically assessed. The results of the 
experimental campaign have been used to validate a 1-D engine model. 
Like in [33], the combustion process in the main chamber has been 
simulated through a quasi-dimensional predictive combustion model, 
able to simulate the dynamics of the turbulent reacting jets from each 
prechamber nozzle and the subsequent flame front propagation from the 
tip of each jet. 

Furthermore, model simulations have been carried out to investigate 

the impact of the prechamber geometric characteristics, namely the 
prechamber volume and the nozzle diameter, on the jet performance 
(mainly in terms of jet penetration) both in stoichiometric and lean-burn 
conditions, starting from a base prechamber configuration. Although a 
similar analysis has been carried out in [33], in the current work the 
predictive main chamber combustion model allows evaluating in detail 
the impact of the prechamber geometry on the combustion process in
side the cylinder, as well as on engine performance and fuel 
consumption. 

The experimental campaign has been carried out on a single-cylinder 
SI engine. The tests have been performed at 4500 rpm and 13 bar of 
Indicated Mean Effective Pressure (IMEP), increasing the relative air
–fuel ratio (i. e. λ) from 1.0 to 1.6, to assess the benefits of the passive TJI 
concept under lean mixture conditions. 

2. Experimental layout 

2.1. Engine and test bench characteristics 

The experimental tests have been carried out on a single-cylinder 
research version of a four-stroke turbocharged SI engine, well repre
sentative of those employed for new passenger cars. The most important 
engine technical data are listed in Table 1. 

The original Gasoline Direct Injection (GDI) fuel supply system has 
been replaced by a Port Fuel Injection (PFI) system, assembled in the 
intake manifold at 270 mm from the cylinder head, to obtain a homo
geneous air–fuel mixture. The cylinder head is equipped with four 
valves, actuated by a double-overhead camshaft (DOHC). The valve 
overlapping has been intentionally removed, to avoid short-circuit 
losses. 

The engine is assembled into a fully instrumented test bench, 
depicted in Fig. 1. 

Boost conditions are simulated employing an external compressor, 
while the exhaust backpressure is reproduced and controlled using a 
throttle valve installed in the exhaust line, after the exhaust settling 
chamber. There is also a low-pressure EGR system, designed to provide 
arbitrary levels of cooled EGR even at very high intake boost pressures 
[33]. 

Water and oil cooling circuit temperatures are controlled by an AVL 
577 conditioner. The fuel consumption is monitored using an AVL 733 
gravimetric dynamic fuel meter, while fuel temperature is controlled by 
an AVL 753 conditioner. Furthermore, a calibrated gasoline with 95 
Research Octane Number (RON95) is used during the tests. 

Pollutant emissions are measured by a Horiba MEXA 7100 gas 
analyzer. Particularly, CO, CO2, O2, HC, NOx, and EGR rate measure
ments are performed, while soot emissions, traced by the Filter Smoke 
Number (FSN), are measured by an AVL 415 Smoke meter. In-cylinder 
air–fuel ratio is measured by the Horiba MEXA 7100 gas analyzer and 
by a UEGO sensor in the exhaust line [33]. 

In-cylinder pressure is measured by a piezoelectric sensor, while 
intake and exhaust pressures are measured by piezoresistive sensors. All 
the high-frequency signals are sampled with a resolution of 0.2◦CA. 
During the tests, 250 cycles have been acquired for all the operating 
conditions. 

Table 1 
Engine technical data.  

Engine Four-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, 2 exhaust 
Fuel injection system [-] PFI (pinj, max = 6 bar)  
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2.2. Prechamber description 

During the experiments, a passive prechamber is used instead of the 
conventional spark plug. This prechamber is designed to be mounted in 
the same housing as the conventional spark plug in the cylinder head, 
being easy and quick to exchange between concepts and/or pre
chambers. The geometrical features of the prechamber used in this 
study, together with the ratio between the total area of the nozzles and 
the prechamber volume (A/V), are listed in Table 2. 

2.3. Operating conditions 

In the present study, an operating condition at high engine speed 
(4500 rpm) and high load (around 13 bar IMEP), with different λ values 
is considered, since one of the goals is to assess the model accuracy in 
predicting the effects of mixture leaning on engine performance and 
combustion process. Particularly, the mixture leaning is obtained 
through a higher air flow, achieved by increasing the intake pressure, 
while keeping constant the injected fuel quantity per cycle. Moreover, 
the spark timing was set at the Maximum Brake Torque (MBT) for all the 
λ values investigated. 

Such a condition was chosen since high speeds compromise the 
scavenging and filling of the prechamber, which is critical in passive 
prechamber configurations. Moreover, the high load would be useful to 
assess the impact of the passive prechamber on the knock tendency, at 
different air–fuel ratios. 

The details of the operating conditions investigated are listed in 
Table 3. 

3. Engine model development 

A 1-D model of the test bench and the single-cylinder engine, 
described in section 2, was developed within the commercial software 
GT-Power [34], with particular attention on the combustion sub-model, 
described in the following section. 

3.1. Combustion sub-model 

The engine used for the tests, as stated above, is equipped with a 
passive prechamber. Therefore, there was no need to simulate the in
jection inside the prechamber. Like in [29] and in [35], the prechamber 
combustion was simulated through a Wiebe function, whose tuning was 
performed by matching the prechamber CA50 approximately with the 
main chamber Start Of Combustion (SOC) and imposing the value of 
prechamber combustion duration for each λ value, as no experimental 
data were available for the prechamber. Particularly, the prechamber 
combustion duration has been fixed at 4◦CA for the cases with λ = 1.0 
and λ = 1.2, at 5◦CA for λ = 1.4, and at 6◦CA for λ = 1.6, according to 
3D-CFD simulation results in [32]. 

Regarding the main chamber combustion process, it was simulated 
through a multi-zone predictive model embedded within the software, 
able to describe the evolution and burning of the turbulent reactive jet 
from each prechamber nozzle and the subsequent flame propagation. 
Some details about the phenomenology and the modeling approach are 

Fig. 1. Schematic of the engine test bench [33].  

Table 2 
Main geometrical features of the passive 
prechamber.  

Volume [mm3] 600 

Hole diameter [mm] 0.7 
Number of holes [-] 6 
A/V [m− 1] 3.9  

Table 3 
Operating conditions investigated.   

λ = 1.0 λ = 1.2 λ = 1.4 λ = 1.6 

Engine speed [rpm] 4500 4500 4500 4500 
IMEP [bar] 12.7 13.2 13.3 12.6 
COVIMEP [%] 0.75 9.58 9.99 5.94 
Injected fuel [mg/cycle] 28.5 28.5 28.5 28.5 
Intake air temperature [K] 289.86 291.75 292.91 294.58 
Intake pressure [bar] 1.101 1.292 1.501 1.720 
Intake air mass flow rate [kg/h] 56.5 67.0 78.0 90.6 
Exhaust pressure [bar] 1.062 1.206 1.386 1.531 
Coolant and oil temperature [K] 350 350 350 350  
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reported in the following. 
At the beginning of the process, all the mass inside the cylinder is 

contained in a single thermodynamic zone, namely the main unburned 
zone. The fresh charge entering from the intake ports is added to this 
zone. The main unburned zone exchanges mass and energy with the 
prechamber through its holes. Once the combustion starts inside the 
prechamber at the spark timing, a new thermodynamic zone, the jet 
zone, develops in the cylinder from each prechamber orifice. The jet 
dynamics inside the main chamber are described by two quantities, 
namely the penetration distance s(t)and the tip velocity u(t) [36]: 

S(t) = Cst
1 /

2

(
unozdnoz

Cd

̅̅̅̅̅̅̅̅
ρnoz

ρcyl

√ )1 /

2

(1)  

u(t) = Cut−
1 /

2

(
unozdnoz

Cd

̅̅̅̅̅̅̅̅
ρnoz

ρcyl

√ )1 /

2

(2)  

where t is the elapsed time [s], unoz is the velocity at the prechamber 
nozzle [m/s], dnoz is the nozzle diameter [m], Cd is the nozzle discharge 
coefficient, ρnoz is the fluid density inside the jet at the nozzle exit and 
ρcyl is the density of the charge inside the main chamber [kg/m3]. Cs and 

Cu are model’s tuning parameters. Particularly, the term 
̅̅̅̅̅̅
ρnoz
ρcyl

√
in Eqs. (1) 

and (2) states that the greater the density at the nozzle outlet compared 
to in-cylinder density, the greater the jet penetration inside the main 
chamber. 

As the jet enters the cylinder, it slows down and expands by 
entraining mass from the surrounding fluid. Assuming the momentum 
conservation, the mass entrained by the jet is given by: 

mje(t) = Cemnoz(
unoz

u(t)
− 1) (3)  

where mnoz is the mass in the jet at the prechamber nozzle exit [kg] and 
Ce is the entrainment rate multiplier, a model parameter that considers 
transient effects in the entrainment process which cannot be explicitly 
modeled [34,35]. 

The charge entrained by the jet undergoes an ignition delay modeled 
by an Arrhenius-like equation [34]: 

τign = Ciρ− 1.5exp
(

Ta

T

)

[O2]
− 0.5 (4)  

where τign is the ignition delay [s], ρ is the jet density [kg/m3], Ta and T 
are the activation temperature (set at 3500 K) and the jet temperature 
[K], respectively, and [O2] is the oxygen concentration. Ci is the ignition 
delay multiplier. Equation (4) states that the ignition delay inside the jet 
decreases as the jet temperature and the oxygen concentration increase. 
Once the ignition takes place inside the turbulent jet, a burned zone 
develops in the main chamber. Initially, a fraction of the mass entrained 
by the jet is set aside for premixed combustion, whose rate is controlled 
by chemical kinetics and is calculated as follows [34]: 

dmpm

dt
= Cpmmpmk

(
t − tign

)2f ([O2]) (5)  

where mpm is the premixed mass [kg], k is the turbulent kinetic energy 
[m2/s2], t and tign are the elapsed time and the ignition time [s], 
respectively, and Cpm is the premixed combustion rate multiplier. As can 
be seen, the premixed combustion rate increases as the turbulence level 
and the oxygen amount increase. 

After the ignition, the jet continues to entrain mass based on Equa
tions (1), (2), and (3). Particularly, the combustion inside the jet is 
diffusive and the burn rate (dmjb/dt) is calculated as follows [35, 36]: 

dmjb

dt
= Cdf mju

̅̅̅
k

√

V1/3
cyl

f ([O2] ) + ṡf mju (6)  

dmju

dt
=

dmje

dt
−

dmjb

dt
(7)  

ṡf =
1

mu

dmfb

dt
(8)  

where mje is the mass entrained by the jet [kg], mju and mjb are the 
unburned and the burned mass inside the jet, respectively, mu is the total 
unburned mass in the main chamber, k is the turbulent kinetic energy 
[m2/s2], Vcyl is the cylinder volume [m3] and Cdf is the diffusive com

bustion multiplier. The term 
̅̅
k

√

V1/3
cyl

f([O2] ) is a mixing-controlled burn rate, 

that depends on turbulence level in the cylinder and on the stoichiom
etry of the mixture in the reactive jet [36]. The function f([O2] ), 
dependent on the oxygen concentration, states that an increase in oxy
gen amount results in a higher burn rate. Finally, ṡf is a source term that 
couples the burning process within the jet with the combustion behind 
the flame front, as part of the mass entrained by the jet can be entrained 
and then burned by the flame front. mfb is the mass burned by the flame 
front. 

Once the reactive jet is fully developed, a spherical turbulent flame 
front develops at the tip of the jet. Therefore, the TJI concept involves 
two combustion modes that can be simultaneously active in certain in
stants of main chamber combustion, so a quasi-dimensional framework 
has been applied. Particularly, the burning by the flame front propa
gation is modeled by a turbulent entrainment process, followed by the 
combustion [37,38]. The flame front is initiated at a fixed location inside 
the main chamber. Moreover, the number of ignition sites within the 
cylinder is the same as the number of turbulent reactive jets. 

The flame front propagating in the main chamber entrains mass from 
the surrounding environment, which is burned by the flame with a 
characteristic timescale. Such phenomenon is described by the following 
equations [34,35]: 

dmfu

dt
= ρuAeST −

dmfb

dt
(9)  

dmfb

dt
=

mfu

τ + ṡjmfb (10)  

τ = Ctls
λ
SL
; ṡj =

1
mb

dmjb

dt
; ST = SL +Ctfsu′ (11)  

where Eq. (9) governs the entrainment rate of the mixture inside the 
main chamber by the flame front and Eq. (10) governs the burning rate 
of the entrained mass. mfu is the unburned mass entrained by the flame 
front, ρu is the unburned mixture density, Ae is the entrainment surface 
area, SL and ST are the laminar flame speed and the turbulent flame 
speed, respectively (their calculation is shown in [34]), and τ is the 
burning characteristic timescale. The term ṡjmfb considers the fraction of 
the mass entrained by the flame front that can be entrained and then 
burned inside the jet. The source term ṡj couples the flame propagation 
model with the jet combustion model. 

The time constant τ and the turbulent flame speed ST depend on the 
main chamber turbulence parameters, namely the turbulence intensity 
u′ and the Taylor microscale λ = Li/ReT, where Li is the turbulence in
tegral length scale and ReT is the turbulent Reynolds number. Li and u′, 
in their turn, are calculated by the turbulence sub-model in the main 
chamber [39]. 

The tuning parameters of the flame front propagation model are the 
dilution effect multiplier Cde, which takes into account the dilution of 
the fresh charge by residual gases and acts on SL, the turbulent flame 
speed multiplier Ctfs, which instead affects ST , and the Taylor length 
scale multiplier Ctls, which affects the Taylor microscale of the turbu
lence λ. The latter, in turn, influences the time constant of the com
bustion process τ (Eq. (11)) [34]. 

Since the main chamber combustion is assumed to start as jet- 
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shaped, a transition function is implemented within the model, to 
consider the evolution from the surface area of the jet to the spherical 
area of the flame front [35]. 

3.2. Heat transfer sub-model 

The heat transfer in the main chamber has been simulated by a 
modeling approach based on the Woschni heat transfer correlation [40]. 
The heat transfer simulation approach in the prechamber is similar to 
that adopted for the main chamber. Particularly, the heat transfer co
efficient is derived from the cylinder connected to the prechamber by 

calculating an area-weighted average of the head surface heat transfer 
coefficient. A similar approach has been adopted also for the pre
chamber wall temperature [29]. 

3.3. Model parameters’ identification 

According to the previous section, the main chamber predictive 
combustion model accounts for 7 tuning parameters, namely Ce, Ci, Cpm, 
Cdf , Cde, Ctfs and Ctls, to which the duration of the Wiebe function for the 
prechamber combustion is added. Their identification has been carried 
out through a genetic algorithm-based procedure, which minimizes the 

λ = 1.0 λ = 1.0 

λ = 1.2 λ = 1.2 

λ = 1.4 λ = 1.4 

a b 

c d 

e f 

λ = 1.6 λ = 1.6 g h 

Fig. 2. Comparison between the experimental and numerical in-cylinder pressure and net HRR traces at 4500 rpm, for different λ values.  
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root mean square error between the measured and predicted heat 
release rates. Particularly, each case has been optimized independently, 
so a different set of all the model tuning parameters has been identified 
for each λ value. 

In a further step, the mean of the values of Cdf , Ctfs and Ctls identified 
in the four cases has been imposed for all the cases, as such parameters 
have shown to be almost constant with λ. In fact, those parameters affect 
the turbulence inside the jet (Cdf ) and in the main chamber (Ctfs and Ctls), 
which in turn is more influenced by the engine speed than by the air–fuel 
ratio. 

The remaining tuning parameters, namely Ce, Ci, Cpm, and Cde have 
been chosen independently for each case, as they are more sensitive to 
the mixture composition in the turbulent jet (Ce, Ci, and Cpm) and in the 
main chamber (Cde), rather than to the speed. The mixture composition, 
in turn, is strongly influenced by the air dilution level, thus by the λ 
value. 

4. Results and discussion 

4.1. Combustion model validation 

Main chamber combustion model validation has been performed by 
comparing simulation results and experimental data in the operating 
conditions reported in Table 3. Fig. 2(a ÷ h) shows the comparison of in- 
cylinder pressure and net HRR traces for all the investigated test cases. 

From the in-cylinder pressure (Fig. 2a, c, e, and g), as λ is increased 
from 1.0 to 1.6, it is possible to note an increase of the maximum 
pressure, together with its shift towards the Top Dead Center (TDC). The 
former is ascribable to the increased intake pressure to obtain the 
mixture leaning, while the latter is due to the more advanced spark 
timing. However, mixture leaning results in slower combustion, which 
can be noted from the reduction of maximum HRR for increasing λ 
(Fig. 2b, d, f, and h). This is due to the reduction of laminar flame speed 
for leaner mixtures, which in turn is due to the higher relative impor
tance assumed by the heat losses with respect to the energy released by 
chemical reactions [2]. Moreover, the reduction of the initial slope of the 
HRR traces for increasing λ evidences a slowdown of the jet combustion. 
This trend is more evident when sweeping λ from 1.2 to 1.6. This can be 
ascribable to the advancing of the spark timing for increasing λ, which 
results in a reduction of the fuel mass trapped inside the prechamber at 
the Start of Combustion (SOC). The latter, in turn, leads to a reduction of 
the energy available for the ejection, then to a reduced jet penetration 
[33]. 

However, the adoption of a passive TJI concept instead of a con
ventional spark ignition system allows for obtaining a faster combustion 
process, particularly in the case of a highly diluted mixture, thus 
resulting in higher in-cylinder pressure and HRR. 

In Fig. 2a good agreement between experimental data and simula
tion results can be observed. However, the maximum in-cylinder pres
sure is slightly overestimated in cases with λ = 1.4 and λ = 1.6 (Fig. 2e 
and 2g). This may be due to the choice of the same value of the model 
tuning parameters acting on the turbulent flame propagation, namely 
Ctfs and Ctls, for all the λ values investigated. Furthermore, the predicted 
maximum HRR seems to be more shifted towards the expansion stroke 
than the experimental one for all the λ values. Particularly, the 
maximum value of the predicted HRR is slightly lower than that recor
ded during the experimental campaign in cases with λ = 1.0 and λ = 1.2 
(Fig. 2b and 2d), evidencing an underestimation of the flame front 
propagation velocity by the model. This is also probably ascribable to 
the choice of the same values of Ctfs and Ctls for all the investigated cases. 

Furthermore, slight differences between experimental and simulated 
HRR can be found in cases with λ = 1.4 and λ = 1.6 (Fig. 2f and 2h), in 
the first phase of the main chamber combustion process. Particularly, 
the initial slope of the simulated HRR is higher than the experimental 
one, indicating that the model slightly overestimates the jet combustion 

velocity. 
Fig. 3(a ÷ c) shows the comparison between measured and simulated 

IMEP, Indicated Specific Fuel Consumption (ISFC), and CA50. In both 
cases, the IMEP and ISFC are calculated starting from the in-cylinder 
pressure signal, while the CA50 is obtained from the burned fuel frac
tion curve. It is worth noting that the experimental burned fuel fraction 
is obtained from the measured in-cylinder pressure, whereas the simu
lated one is predicted starting from the in-cylinder pressure, tempera
ture, and composition (equivalence ratio, residual mass fraction, etc.) at 
the start of combustion. 

Particularly, the IMEP (Fig. 3a) experiences an increase as λ is swept 
from 1.0 to 1.2, then it remains almost constant from λ = 1.2 to λ = 1.4, 
and finally it decreases as λ is increased up to 1.6. This trend can be 
explained by the way adopted to increase λ. In fact, as mentioned in 
Section 2.3, the mixture leaning has been obtained by keeping the fuel 
mass injected per cycle constant, while increasing the air mass flow rate 
by the intake pressure, which resulted in the increased IMEP from λ =
1.0 to λ = 1.2. On the other hand, the combustion slowdown, caused by 
the lean-burn operation, resulted in the performance reduction observed 
when sweeping λ from 1.4 to 1.6. Moreover, Fig. 3a shows a good 
model’s accuracy in predicting the IMEP. However, the IMEP is slightly 
overestimated in the stoichiometric case, while it is underestimated in 
cases with λ = 1.4 and λ = 1.6. This behavior could be due as well to the 
choice of keeping constant Ctfs and Ctls for all the cases. In fact, observing 
Fig. 2e and g, the predicted in-cylinder pressure is slightly higher than 
the experimental one around the TDC in cases with λ = 1.4 and λ = 1.6, 
resulting in higher compression work, then in lower indicated 
performance. 

As regards the experimental ISFC (Fig. 3b), it decreases as λ is swept 
from 1.0 to 1.2, remains almost constant for λ between 1.2 and 1.4, and 
then increases as the mixture is further leaned up to λ = 1.6, in line with 
the bespoken IMEP decay for the same relative air–fuel ratios. The 
lowest fuel consumption, then the highest efficiency, is achieved for λ 
between 1.2 and 1.4. In line with the IMEP prediction, the ISFC is 
slightly underestimated by the model at λ = 1.0, while it is over
estimated at λ = 1.4 and λ = 1.6, evidencing a faster efficiency decay as 
the mixture is leaned out if compared to the experimental observations. 
Moreover, according to the simulation results, the lowest fuel con
sumption is achieved for λ = 1.2. 

Observing Fig. 3c, it can be noted that mixture leaning results, as 
expected, in a more delayed combustion phasing (i. e. CA50). Particu
larly, the increase of the experimental CA50 is almost linear with λ. This 
is ascribable to the bespoken reduction of laminar flame speed for leaner 
mixtures, which results in slower flame propagation, in addition to the 
reduction of the fuel mass inside the prechamber at SOC, due to the more 
advanced spark timing as λ increases. However, the TJI allows obtaining 
a combustion phasing closer to the TDC than a conventional SI especially 
under lean mixtures [32], highlighting the ability of this concept to 
promote faster and more stable combustion also under highly diluted 
operating conditions. The model accurately predicts the CA50 in all the 
investigated cases. Slight overestimations can be observed for λ = 1.0 
and λ = 1.2. 

4.2. Effect of the air–fuel ratio 

Once the combustion model has been validated, the reference pre
chamber A/V ratio (see Table 2) has been considered to assess the 
impact of the air dilution on the prechamber performance. 

The results of this analysis are presented in Fig. 4(a ÷ c). 
The maximum Δp between the prechamber and the main chamber is 

directly related to the capability of the turbulent reactive jets to pene
trate the main chamber. Therefore, the higher Δp, the less time is needed 
by the jets to sweep the main chamber. The amount of fuel trapped in
side the prechamber at the spark timing, referred as fuel @SOC, in
dicates the maximum amount of energy that can be obtained from the 
prechamber combustion for the jet ejection. Finally, the maximum jet 
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momentum flux gives an insight of the maximum jet tip velocity, and 
then the jet penetration inside the cylinder. 

From Fig. 4a, it is possible to note that the maximum Δp experiences 
a slight increase when λ is increased from 1.0 to 1.2, and then it rapidly 
decreases when λ is further increased up to 1.6, evidencing a decay of 
the jet’s capability to penetrate the main chamber as the mixture is 
leaned out. 

The behavior of the maximum Δp is directly related to the fuel @SOC 
(Fig. 4b), expressed as a percentage of the injected fuel mass per cycle. In 
fact, the fuel inside the prechamber at the spark timing affects the pre
chamber HRR, that in turn influences the Δp between the prechamber 
and main chamber. Therefore, a greater fuel amount in the prechamber 
at the SOC results in a faster combustion, that in turn determines a 
higher pressure rise rate, thus a higher maximum Δp. Particularly, the 

fuel @SOC slightly increases when λ is swept from 1.0 to 1.2, probably 
due to the higher intake pressure, which results in higher in-cylinder 
pressure during the compression stroke, thus forcing a greater fuel 
amount in the prechamber. Then, as expected, the fuel @SOC decreases 
when λ is increased up to 1.6, due to the advancement of the spark 
timing as the mixture is leaned. In fact, the SOC in the prechamber de
termines an increase in prechamber pressure, that prevents the pre
chamber from filling during the compression stroke. Therefore, a shift of 
the spark timing towards the compression stroke results in a lower fuel 
amount inside the prechamber at the SOC, then in a decrease of the 
energy available for the ejection of the turbulent reactive jet. 

As regards the maximum jet momentum flux (Fig. 4c), its behavior is 
directly affected by the maximum Δp (Fig. 4a), as the jet tip velocity is 
controlled by the pressure difference between the prechamber and main 

 

a b 

c 

Fig. 3. Comparison between the experimental and numerical IMEP (a), ISFC (b), and CA50 (c) at 4500 rpm, for different λ values.  

Fig. 4. Maximum Δp (a), fuel @SOC (b), and maximum jet momentum flux (c) at 4500 rpm, for different λ values.  
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chamber. In fact, higher pressure difference during the ejection results in 
higher jet velocity and momentum, then in better jet penetration. 
Therefore, increasing λ from 1.0 to 1.2 results in a higher maximum jet 
momentum, thanks to the higher fuel @SOC. However, the maximum jet 
momentum decreases as λ is increased from 1.2 to 1.6, resulting in a 
worse jet penetration, due to the lower fuel @SOC for leaner mixtures. 

Fig. 5(a, b) shows the trapped mass and the residual mass fraction 
inside the prechamber at the start of combustion. 

The trapped mass (Fig. 5a), like the fuel @SOC (Fig. 4b) increases 
when sweeping λ from 1.0 to 1.2, and then it slightly decreases if λ is 
increased up to 1.6, justifying the behavior of the maximum Δp and the 
maximum jet momentum (Fig. 4a and c). On the other hand, the residual 
mass fraction in the prechamber at the start of combustion (Fig. 5b) 
experiences an opposite behavior and decreases as the mixture becomes 
leaner, especially when λ is increased from 1.0 to 1.2. This may be as
cribable both to the leaner mixture and to the higher intake pressure as λ 
is increased, which promotes the prechamber scavenging. 

4.3. Effect of prechamber design 

Once the reference prechamber configuration has been assessed, the 
impact of the variation of the A/V ratio has been evaluated through 
further model simulations. Particularly, a variation of ± 30% in the 
prechamber A/V ratio, thus in both the volume and nozzle diameter, 
around the base value (see Table 2) has been considered, while the 
number of holes has been kept constant. 

The maximum and minimum values of prechamber volume and 
nozzle diameter, together with the correspondent values of the A/V 
ratio, are listed in Table 4. 

It is worth noting that the reduction in the geometric compression 
ratio induced by the prechamber is below 2.2 % for the largest pre
chamber volume, namely 780 mm3, which would have negligible effects 
on thermodynamic efficiency. 

4.3.1. Effect of prechamber volume variation 
Firstly, the effect of the variation of the prechamber volume on the 

jet performance, while keeping constant the nozzle diameter, has been 
assessed for all the λ values investigated. Particularly, increasing the 
prechamber volume at constant nozzle diameter results in a reduction of 
the A/V ratio. 

In Fig. 6(a ÷ c) are represented the maximum Δp, the fuel @SOC, and 
the maximum jet momentum flux as a function of the prechamber vol
ume, at constant nozzle diameter (dnozzle = 0.7 mm), for all the λ values 
investigated. 

From Fig. 6a, for each λ value, it can be noted that the reduction of 
the A/V ratio leads to a decrease in maximum Δp. On the other hand, the 
fuel @SOC (Fig. 6b), as expected, increases almost linearly with the 
prechamber volume, at constant λ, due to the greater amount of fresh 
mixture that can enter the prechamber during the compression stroke. 
Finally, the maximum jet momentum flux (Fig. 6c) features the same 
behavior as the maximum Δp (Fig. 6a), in line with what is observed in 
Fig. 4, as the pressure difference between the prechamber and main 
chamber affects the jet velocity. However, at constant λ, the jet 

momentum seems to be not very sensitive to the variation of prechamber 
volume. This may be ascribable to the opposite trends featured by the 
maximum Δp and the fuel @SOC. In fact, while a decreasing Δp results 
in a reduction of the jet velocity, an increase of the fuel @SOC could lead 
to higher energy available for the ejection, then to an increase in the jet 
momentum. 

Furthermore, increasing λ at constant volume, the behaviors of 
maximum Δp, fuel @SOC, and jet momentum are similar to those 
depicted in Fig. 4 for the reference prechamber design. 

Particularly, for the smaller prechamber volume (420 mm3), a 
greater sensitivity of maximum Δp to λ can be noted (Fig. 6a), especially 
when it increases over 1.2. This is ascribable to the higher relative 
importance assumed by the prechamber combustion duration at high A/ 
V ratios. 

In fact, a lengthening of prechamber combustion, occurring for 
higher λ values, leads to an increase in the fuel losses across the holes, 
especially for high values of the nozzle total area. 

Fig. 7(a ÷ c) shows a comparison between the cases with λ = 1.0 and 
λ = 1.6 of the curves of Δp, jet mass flow rate, and jet momentum flux at 
constant nozzle diameter (dnozzle = 0.7 mm), for different volumes. 

Fig. 7a confirms the decrease of maximum Δp for lower A/V ratios. 
Moreover, it is worth noting that the increase in prechamber volume 
results in a higher negative Δp during the prechamber filling over the 
compression stroke. In fact, a smaller volume can be filled more rapidly 
than a bigger one, thus reducing the pressure difference between the 
prechamber and main chamber throughout the filling process. This is in 
accordance with the decrease of maximum Δp observed in Fig. 6a, as a 
higher negative Δp during the prechamber filling results in a lower Δp 
during the ejection. This happens because a higher negative Δp during 
the filling corresponds to the loss of a greater energy amount through the 
orifice, otherwise available for the jet ejection. This behavior is in 
accordance with what reported by Shah et al. [41], despite their work 
deals with an active TJI concept. 

The Δp seems to have the same behavior for both λ values. However, 
as expected, the Δp traces are more shifted towards the compression 
stroke for λ = 1.6, due to the more advanced spark timing. Moreover, the 
lower fuel @SOC in the leanest case leads to a reduction of the maximum 
Δp with respect to the stoichiometric one. Furthermore, at equal pre
chamber volumes, the negative Δp during the prechamber filling is 
higher in the case with λ = 1.6, due to the higher in-cylinder pressure 
during the compression stroke (Fig. 2). The higher negative Δp during 
the prechamber filling, achieved for increasing prechamber volume in 
both cases, results in a higher (negative) mass flow rate through the 
orifices (Fig. 7b). On the other hand, the jet mass flow rate during the 
ejection, in particular its maximum value, increases as the prechamber 

Fig. 5. Trapped mass @soc (a) and residual mass fraction @soc (b) at 4500 rpm, for different λ values.  

Table 4 
Maximum and minimum values of prechamber volume and nozzle diameter.   

Min Base Max 

Prechamber volume [mm3] 420 600 780 
Nozzle diameter [mm] 0.49 0.7 0.91 
A/V [m− 1] 2.7 3.9 5.0  
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volume decreases, due to the higher maximum Δp achieved for smaller 
volumes (Fig. 6a). Moreover, it can be observed that the ejection pro
cess, represented by the positive values of jet mass flow rate, experiences 
the shortest duration for the smallest volume and the longest one for the 
biggest volume. This can be explained considering that the higher 
maximum Δp, promoted by smaller volumes, results in a better jet 
penetration, which in turn leads to an earlier start of combustion in the 
main chamber, thus to a shorter duration of the ejection process. As 
regards the jet momentum flux (Fig. 7c), for both λ values the second 

peak, related to the ejection process, slightly decreases as the volume is 
increased, denoting a worsening of jet penetration. Moreover, the higher 
negative Δp during the filling process, achieved for bigger prechamber 
volumes, justifies the higher jet momentum flux during this phase, 
evidenced by the first peak in the plots in Fig. 7c, for the base and 
maximum volume. This behavior is particularly evident at λ = 1.6, as the 
negative Δp is higher than in the stoichiometric case. 

Fig. 6. Maximum Δp (a), fuel @SOC (b), and maximum jet momentum flux (c) for different values of prechamber volume, dnozzle = 0.7 mm, at 4500 rpm and for 
different λ values. 

a b 

c 

Fig. 7. Δp (a), jet mass flow rate (b), and jet momentum flux (c) for different values of prechamber volume, dnozzle = 0.7 mm, at 4500 rpm, λ = 1.0, and λ = 1.6.  
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4.3.2. Effect of nozzle diameter variation 
In a second step, the impact of the variation of prechamber nozzle 

diameter around the reference value, at constant volume, has been 
investigated, which leads to higher total area of the holes, thus higher A/ 
V ratios. 

Fig. 8(a ÷ c) depicts the maximum Δp, the fuel @SOC, and the 
maximum jet momentum flux as a function of the nozzle diameter, at 
constant prechamber volume (VPC = 600 mm3), for all the λ values. 

The maximum Δp (Fig. 8a) increases for increasing A/V ratios and 
for each λ value, differently from what has been observed at constant 
diameter (Fig. 6a). Moreover, the maximum Δp seems to be very sen
sitive to the diameter’s variation, especially when the diameter is 
increased from 0.49 mm to 0.7 mm. 

As regards the fuel @SOC (Fig. 8b), it increases for increasing di
ameters, as the prechamber filling during the compression stroke is 
promoted by larger A/V ratios. Moreover, it is worth noting that, at 
constant volume, the behavior of fuel @SOC is in accordance with the 
maximum Δp trend, as a greater fuel amount results in a higher HRR, 
then in a faster pressure rise inside the prechamber. Finally, the 
maximum jet momentum flux (Fig. 8c) increases when the nozzle 
diameter is swept from the minimum to the maximum value, in line with 
the increase of both maximum Δp and fuel @SOC. Moreover, for each λ 
value, the jet momentum seems to be very sensitive to the nozzle 
diameter. In fact, the adoption of larger nozzle diameters at constant 
volume promotes the prechamber filling, maximizing the fuel @SOC, 
that in turn results in higher energy available for the ejection, then in 
better jet performance. 

Also in this case, increasing λ at constant nozzle diameter, a similar 
trend of maximum Δp, fuel @SOC, and maximum jet momentum to the 
reference prechamber geometry (Fig. 4) can be observed. This happens, 
because the fuel @ SOC is strongly influenced by the prechamber SOC, 
thus by the spark timing, which is advanced as the mixture is leaned out. 

Nevertheless, the fuel @SOC (Fig. 8b) shows a slightly higher 
sensitivity to the air dilution as the A/V ratio is increased, which in turn 
leads to a higher sensitivity to λ also for the maximum Δp (Fig. 8a) and 
the maximum jet momentum (Fig. 8c). 

Fig. 9(a ÷ c) depicts the curves of Δp, jet mass flow rate, and jet 
momentum flux at constant volume (VPC = 600 mm3), for different 
nozzle diameters, at λ = 1.0 and λ = 1.6. 

As expected, the Δp during the ejection process (Fig. 9a) increases for 
higher A/V ratios, especially when sweeping the diameter from the 
minimum to the base value, confirming what is observed in Fig. 8a. This 
happens for both λ values investigated. Moreover, the negative Δp 
during the prechamber filling increases when the nozzle diameter is 
reduced, especially from the base to the minimum value. The high 
negative Δp observed for the minimum diameter justifies the very low 
maximum Δp of this configuration, if compared to the others (Figs. 8a 
and 9a), evidencing that low A/V ratios prevent a correct prechamber 
filling. 

This behavior is particularly evident for λ = 1.6 and is in accordance 
with the very low maximum Δp if compared to the other λ values 
(Fig. 8a). This happens, because of the higher in-cylinder pressure 
during the compression stroke in the leanest case, due to the higher 
intake pressure to obtain the air dilution, which leads to higher Mach 
numbers in the nozzles, thus preventing the prechamber filling. 

On the other hand, the increase in prechamber nozzle diameter, thus 
in the prechamber A/V ratio, 

results in an improvement of the ejection process, as evidenced by 
the huge increase in the jet mass flow rate for both λ values (Fig. 9b). 

It is worth noting that the jet mass flow rate is much more sensitive to 
the nozzle diameter variation, rather than to the volume variation (see 
Fig. 7b). This happens because a variation in nozzle diameter produces a 
higher variation in the A/V ratio than the prechamber volume. 

Furthermore, a reduction of nozzle diameter results in a longer 
ejection process for both λ values. However, unlike the prechamber 
volume, a variation in the nozzle diameter has a greater impact on the 
ejection’s duration. In fact, the maximum Δp, which directly affects the 
jet penetration and then the start of combustion in the main chamber, is 
more sensitive to the nozzle diameter than to the volume (Fig. 6a and 
8a). Finally, the variation of nozzle diameter has an important impact on 
the jet momentum flux (Fig. 9c), especially during the ejection. Partic
ularly, an increase in the diameter at constant volume results in higher 
jet momentum, thus in a better jet penetration, in line with what is 
observed in Fig. 8c. Moreover, considering the smaller diameter, the jet 
momentum flux is particularly low, thus resulting in a very poor jet 
penetration, especially for the leanest case. 

Fig. 8. Maximum Δp (a), fuel @SOC (b), and maximum jet momentum flux (c) for different values of nozzle diameter, VPC = 600 mm3, at 4500 rpm and different 
λ values. 
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a b 

c 

Fig. 9. Δp (a), jet mass flow rate (b), and jet momentum flux (c) for different values of nozzle diameter, VPC = 600 mm3, at 4500 rpm, λ = 1.0, and λ = 1.6.  

a b 

c d 

Fig. 10. Maximum jet momentum flux (a), main chamber maximum HRR (b), ISFC (c), and main chamber CA50 (d) for λ = 1.0. Red dot. base configuration (VPC =

600 mm3, dnozzle = 0.7 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4.4. Optimal prechamber design 

In this section, an analysis of the impact of prechamber geometry on 
jet performance, main chamber combustion, and fuel consumption is 
presented. Particularly, the cases with λ = 1.0 and λ = 1.6 are compared 
with each other, to assess how the air dilution impacts the prechamber 
design. 

It is worth noting that all the simulation for each λ value have been 
carried out by keeping the spark timing constant. 

Fig. 10(a ÷ d) depicts the maximum jet momentum flux, the 
maximum HRR in the main chamber, the ISFC, and the CA50 in the main 
chamber as a function of the prechamber volume and the nozzle diam
eter, for λ = 1.0. 

It is worth noting that the assessment of the main chamber maximum 
HRR and CA50 was possible, thanks to the predictive approach adopted 
to simulate the combustion process in the cylinder. 

As can be observed, the best results, in terms of high values of 
maximum jet momentum and main chamber maximum HRR (Fig. 10a, 
b) and low values of ISFC and main chamber CA50 (Fig. 10c, d), are 
obtained for medium-to-high prechamber volumes and high nozzle di
ameters. In fact, large prechamber volumes together with large di
ameters promote the prechamber filling during the compression stroke, 
then maximizing the fuel @SOC. Therefore, the higher the fuel @SOC, 
the higher the maximum jet momentum and the better the jet penetra
tion in the main chamber. A better jet penetration results in faster 
combustion (high values of maximum HRR, Fig. 10b) and a more 
favorable combustion phasing (low values of CA50, Fig. 10d) in the 
main chamber, which in turn lead to higher engine thermal efficiency, 

evidenced by low values of the ISFC (Fig. 10c). On the other hand, the 
worst performance of the prechamber is obtained for large volumes and 
very small diameters, as the prechamber filling is prevented and the fuel 
@SOC is reduced. A lower fuel @SOC results in a worse jet penetration, 
which results in a slower and more delayed main chamber combustion, 
which in turn determines an increase in fuel consumption. 

It is worth noting that, in the evaluated range, all the variables 
represented in Fig. 10 are more sensitive to diameter than volume, as a 
diameter variation has a greater impact on the maximum Δp, fuel 
@SOC, and maximum jet momentum (Fig. 8) than a volume variation 
(Fig. 6). However, for nozzle diameters higher than 0.7 mm, an 
increased sensitivity of the aforementioned variables to the volume, 
especially the maximum HRR (Fig. 10 b), is observed. This can be due to 
the easier prechamber filling promoted by larger diameters. In fact, a 
better prechamber filling enhances the effect of volume variations on the 
fuel @SOC, then on jet penetration, main chamber combustion speed, 
and phasing and on fuel consumption. 

In Fig. 11(a ÷ d) are presented the maximum jet momentum flux, the 
maximum HRR in the main chamber, the ISFC, and the CA50 in the main 
chamber as a function of the volume and the nozzle diameter, for λ =
1.6. 

Like for λ = 1.0 (Fig. 10), also in the leanest case high values of jet 
maximum momentum flux (Fig. 11a) and main chamber maximum HRR 
(Fig. 11b), and low values of ISFC (Fig. 11c) and main chamber CA50 
(Fig. 11d) are reached for medium-to-high values of prechamber volume 
and high nozzle diameters, confirming the similar behavior of the jet 
performance in the two cases observed in the previous section. However, 
the maximum values of maximum jet momentum and maximum HRR 

a b 

c d 

Fig. 11. Maximum jet momentum flux (a), main chamber maximum HRR (b), ISFC (c), and main chamber CA50 (d) for λ = 1.6. Red dot. base configuration (VPC =

600 mm3, dnozzle = 0.7 mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 11a, b) are lower, and the minimum values of ISFC and CA50 are 
higher than those observed in the case with λ = 1.0. This is ascribable to 
the lower energy available for the ejection at λ = 1.6, associated with the 
lower fuel @SOC for the leanest case. A lower energy available for the 
ejection results in a lower jet penetration (lower maximum jet mo
mentum, Fig. 11a), which in turn determines a slower combustion 
(lower maximum HRR, Fig. 11b) and a more delayed start of combustion 
(higher CA50, Fig. 11d) in the main chamber. A slower and more 
delayed combustion justifies the slightly higher values of ISFC (Fig. 11c) 
for the case with λ = 1.6, with respect to the stoichiometric one, con
firming what is observed in Fig. 3c. Moreover, in the leanest case, the 
portion of the simulated space characterized by the highest values of 
maximum HRR and lowest values of ISFC is smaller, if compared to the 
stoichiometric case (Fig. 10 b, c). In addition, the maximum HRR and the 
ISFC for nozzle diameters greater than 0.7 mm show a higher sensitivity 
to the prechamber volume, evidencing a more rapid decay of main 
chamber combustion velocity and engine efficiency as the volume is 
decreased. 

5. Conclusions and future developments 

An experimental and numerical analysis has been carried out to 
evaluate the effects of a passive TJI system on SI engine combustion and 
performance, in stoichiometric and lean-burn operating conditions. 
Particularly, a 1-D engine model was developed and validated against 
the experimental data, to simulate the impact of the prechamber ge
ometry on the combustion process and engine efficiency. 

Both experimental and simulation results show that, by increasing λ 
from 1.0 to 1.6, a combustion slowdown occurs, noticeable from the 
decrease in maximum HRR. Nevertheless, the TJI concept allows guar
anteeing a faster combustion process than a conventional spark ignition 
system, particularly under a lean mixture. 

Mixture leaning up to λ = 1.6 resulted in a decrease in fuel amount in 
the prechamber at SOC, as the advancing of the spark timing prevents 
the prechamber filling, which in turn induced a decrease of the 
maximum Δp and the maximum jet momentum. Therefore, an increase 
in air dilution induces a reduction of jet penetration, resulting in slower 
and more delayed combustion in the main chamber. 

The impact of prechamber geometry has been analyzed by consid
ering a variation of ± 30% in the prechamber A/V ratio around the base 
value. The results show that an increase in volume at constant diameter 
determines an increase in fuel at SOC with a reduction of maximum Δp, 
and then of maximum jet momentum. The latter, in turn, results in a 
reduction of the jet penetration, as smaller prechambers are filled more 
rapidly, thus reducing the pressure difference between the two cham
bers during the filling process. 

On the other hand, an increase in diameter at constant volume 
resulted in an increase in fuel at SOC and maximum Δp, which in turn 
determined a higher jet momentum flux, thus improving the jet pene
tration. This is due to the easier prechamber filling during the 
compression stroke, promoted by larger diameters. Moreover, maximum 
Δp and maximum jet momentum are more sensitive to diameter varia
tions rather than to volume variations, due to the greater sensitivity of 
the fuel at SOC to the diameter. 

The effects of A/V ratio variations are similar for all the λ values 
investigated. However, for a given prechamber configuration, an in
crease in λ results in a reduction of fuel at SOC, thus in a decrease in 
maximum Δp and in a reduction of jet penetration. The sensitivity to λ of 
the fuel @SOC becomes slightly higher as the A/V ratio is increased, 
which leads to an increased sensitivity to the air dilution level also for 
the maximum Δp and the maximum jet momentum flux. 

Following the jet performance analysis, the impact on the main 
chamber combustion process and engine efficiency has been studied. 
Particularly, the results evidence that medium-to-high volumes and big 
nozzle diameters allow achieving the best performance in terms of jet 
penetration (high maximum jet momentum), which in turn promotes 

faster and best-timed main chamber combustion (high maximum HRR 
and low CA50) with higher engine efficiency (low ISFC). In fact, large 
prechamber volumes together with large diameters promote the pre
chamber filling, maximizing the fuel at SOC and the energy available for 
the ejection. 

It is worth noting that the effect of prechamber A/V ratio is not 
significantly affected by the air–fuel ratio. Therefore, the optimization of 
prechamber design can be carried out regardless of the λ value. 

Future works will consider the impact of the engine speed, as well as 
the air dilution, on the prechamber design. 
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