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Abstract

The use of advanced ignition concepts and enhanced combustion strategies is being widely studied for modern engine
applications. In this framework, the passive pre-chamber ignition system is gaining popularity for its mechanical simplicity.
However, in order to implement this ignition system in passenger car vehicles, the concept must be able to operate in the
whole engine map. Numerous experimental investigations in the literature have found that the concept operates suitably at
high load/speed conditions but has several problems operating at low engine load/speeds. However, not many investigation
conducted to date have focused on comparing and understanding the underlying physics of this ignition strategy in different
engine load/speed conditions. Therefore, in this investigation, a numerical study is carried out using a state of the art 3D-
CFD model, to analyze the performance of the passive pre-chamber ignition system in three relevant operating conditions
of the engine map. A novel methodology is developed to analyze the fundamentals of the passive pre-chamber concept in
terms of internal flow field characteristics, combustion and energy conversion. The model is validated with experiments
performed previously by the authors. In particular, the low load/speed operating point, representative of idle conditions, was
deeply analyzed to asses the issues reported in the literature. Results have shown that the inherent deterioration of the flow
field properties inside the pre-chamber as the engine load/speed decreases, compromises the operation at low load/speed
conditions. The energy conversion in the pre-chamber is also worsened when operating at lower load/speeds, hindering the
generation of suitable jets for igniting the main chamber charge. Moreover, the position of the pre-chamber in the cylinder head
has a significant impact on the energy distribution in the main chamber. The results also revealed that a higher amount of non-
reacting/cold flow is ejected from the pre-chamber as the spark is pushed from MBT conditions towards the top dead center
(TDC), and the gap between the triggering of the spark and the onset of main chamber combustion increases. The findings of
this article have allowed to close the knowledge gap between the physical characteristics of the passive pre-chamber concept
and the experimental trends found in other researches on this topic.

Keywords: Spark-Ignition engines, Computational Fluid Dynamics, Passive Pre-chamber ignition, Combustion process analysis, Energy
conversion

1. Introduction

Modern society will face challenging times in the upcom-
ing years. Most means of energy production are still fossil
fuel dependent, and this is generating a growing concern
about their impact on global warming and pollution. Over
25% of the energy produced worldwide is consumed by trans-
portation [1]. This sector is also responsible for a high per-
centage of carbon dioxide (CO2) emissions and hazardous
pollutants like carbon monoxide (CO) and nitrogen oxides
(NOx) [2]. In particular, road transportation accounts for
most of these emissions [3]. For this reason, a number of
global treaties and several governments are implementing
restrictive policies to reduce the environmental footprint of
transportation [4, 5]. Engine manufacturers are being forced
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to develop new power trains able to comply with these re-
strictions, without excessively compromising the performance
of the vehicle. The combination of different technological
bricks for improving the thermal efficiency of the engine while
reducing pollutant emissions, is required to achieve this goal.

Nowadays, most of passenger car vehicles have shifted
from Diesel compression ignition (CI) engines to gasoline fu-
eled spark ignition (SI) engines. This trend is mainly related
to environmental aspects, given that the after-treatment sys-
tems required in CI engines to maintain tailpipe emissions
below the European standards are more expensive than those
required by SI engines [6, 7]. Nevertheless, SI engines have
considerable disadvantages in terms of thermal efficiency due
to knocking combustion limitations [8, 9]. This phenomenon
prevents the use of high compression ratios, since it could
compromise the mechanical integrity of the engine. Addi-
tionally, these engines need to be operated at stoichiometric
air-to-fuel ratios (λ∼ 1) to be compatible with the Three-Way
Catalyst (TWC) for controlling NOx emissions [10]. These
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requirements have motivated many researchers to evaluate
modern strategies in the search of higher thermal efficien-
cies.

A promising alternative for future SI engines is the use of
enhanced combustion strategies and advanced ignition sys-
tems. In this framework, the pre-chamber ignition concept
[11, 12], or its commercial name "Turbulent Jet Ignition"
(TJI), is gaining interest as a solution for increasing thermal
efficiency. This strategy places the standard spark plug inside
a confined volume called a "pre-chamber". Multiple holes are
manufactured in the bottom part of the pre-chamber, con-
necting this region with the main combustion chamber [13,
14]. These holes are typically cylinders, with lengths be-
tween 1 mm and 2 mm for light duty engine applications.
The pre-chamber usually constitutes between 2% and 5%
of the combustion chamber volume at the Top Dead Center
(TDC) [15, 16].

In this strategy, the combustion process starts inside the
pre-chamber. As the flame propagates in this region, the pres-
sure rises, forcing the gas to move towards the bottom of
the pre-chamber, where the holes are located. Then, as a re-
sult of the stretching through the small holes, a series of jets
penetrate into the main chamber, igniting the charge with a
larger flame surface at multiple locations. The jets distribute
burned products as they sweep the main chamber volume,
generating uniform and dispersed ignition. Moreover, the
turbulence generated by the shear stress of the flow through
the holes increases the flame propagation speed [17]. Conse-
quently, higher combustion rates are achieved, enabling the
use of higher compression ratios as the charge is completely
burned before exceeding the auto-ignition delay time.

The pre-chamber ignition concept has been successfully
implemented in high-power stationary power plants [18]. In
these applications, the system is usually implemented by an
active approach, with an auxiliary fuel supplier inside the
pre-chamber. Therefore, the air-to-fuel ratio in this region
can be controlled independently from the main chamber char-
ge. In addition, the engine is able to operate at high dilution
rates as a fast pre-chamber combustion is guaranteed, and
the ejected jets are strong enough to burn extremely lean en-
vironments [19, 20, 21]. Nevertheless, the extra-cost of man-
ufacturing and installing the auxiliary fuel injector is very
high, making this approach unpractical for passenger car ap-
plications.

A different approach for implementing this ignition strat-
egy is through a passive system. In this case, the pre-chamber
does not have an auxiliary fuel injector, thus its air-to-fuel ra-
tio is not directly controlled [22, 23]. In Port Fuel Injection
(PFI) engines, the main chamber and the pre-chamber charge
share basically the same mixture composition. Therefore, the
passive pre-chamber system has inherent disadvantages com-
pared to the active system, given that the pre-chamber jets
are not suitable in all conditions. Thus, understanding the
underlying physics of the concept in the whole engine map
becomes crucial for considering this technology as a mid-
term solution for improving the performance of automotive
vehicles.

Several studies in the literature have evaluated the use
of passive pre-chambers in SI engines through experimen-
tal test campaigns. Benajes et al. [24] compared the passive
pre-chamber ignition concept with a conventional spark igni-
tion system in a turbocharged gasoline fueled SI engine with
a geometric compression ratio of 13.4:1. In this investiga-
tion, relevant improvements were found in terms of engine
indicated efficiency (around 3% of efficiency gain) when op-
erating with the passive pre-chamber concept under knock
limited conditions (i.e high engine load/speed conditions),
given that the faster burning rates achieved with this igni-
tion system allowed to improve the combustion phasing in
the aforementioned conditions. In another study, Lopez et
al. [25] evaluated the passive pre-chamber concept against
the conventional spark ignition system in a similar engine
fueled with Compressed Natural Gas (CNG). This investiga-
tion showed that at low engine load/speed conditions the
efficiency levels achieved with passive pre-chamber opera-
tion were lower than the ones achieved with the conventional
spark plug. This trend was confirmed by Novella et al. [26]
in a study that evaluated the pre-chamber concept in a high
compression ratio (15.4:1) SI engine fueled with CNG and
using a Miller Cycle camshaft.

All these investigations, despite using different combi-
nations of fuels and engine architectures, showed a com-
mon issue regarding the low performance of the passive pre-
chamber system at low engine load/speeds. A well-documen-
ted and interesting trend found in the literature [27] is the
inability to delay the combustion process towards the ex-
pansion stroke when operating at low load/speed conditions
with the passive pre-chamber concept. In these conditions,
a sharp increase in the cycle-to-cycle variations (CCV) is ob-
served as the spark timing is pushed towards TDC, destabi-
lizing the engine operation and compromising the efficiency
levels. Furthermore, this phenomenon presents a major hur-
dle for implementing the technology in passenger car en-
gines.

More and more modern investigations are implementing
High Performance Computing (HPC) and state of the art nu-
merical tools in their research methodologies. Particularly in
engine research, Computational Fluid Dynamics (CFD) has
allowed to study the combustion process of pre-chamber ig-
nited engines in detail. Hu et al. [28] has used CFD to study
the passive pre-chamber concept in an aviation kerosen en-
gine, Posch et al. [29] has applied CFD combined with an
artificial neural network (ANN) to research the pre-chamber
system implemented in a heavy duty gas engine, and Benajes
et al. [30, 31] has performed dedicated CFD studies of the
passive pre-chamber ignition concept in light duty engines
operating at extremely diluted conditions.

Nevertheless, Most of these numerical investigations fo-
cus on a single operating condition (load/speed) within the
engine map, whereas almost no research conducted to date
has simultaneously compared the pre-chamber ignition con-
cept at very different operating points in terms of engine load
and speed by advanced numerical simulations. Thus, un-
derstanding key aspects of the pre-chamber combustion pro-

2



cess in conditions where the concept performs suitably (high
load/speeds) and conditions where the system presents prob-
lems (low load/speeds) can help to solve the issues found in
the current literature.

Furthermore, in this article a numerical study is carried
out using a state of the art CFD model of a light duty engine,
well validated with experimental results, to investigate the
underlying physics of the passive pre-chamber concept in key
operating conditions. A novel methodology was developed to
analyze the most relevant aspects of the concept in terms of
energy conversion and combustion evolution in both the pre-
chamber and main chamber. Particularly, the low load/speed
operating point was deeply studied by performing a spark
timing sweep with the numerical model. The main objective
of the research is to improve knowledge of the passive pre-
chamber ignition system in a wide range of the engine map,
in order to shed some light on the issues encountered at low
load/speed conditions.

2. Tools and methodology

The experimental setup, the numerical tools, the model
validation and the methodology are described in this section.

2.1. Experimental facilities
A research version of a single-cylinder 4-stroke turbochar-

ged SI engine fueled with RON95 gasoline was used for the
experimental campaign. Among its features, the combina-
tion of a high compression ratio (13.4:1) with low cylinder
displacement (404 cm3) made this powertrain a represen-
tative sample of near future passenger car engines. A Port
Fuel Injection (PFI) system was installed in the intake man-
ifold, far enough from the cylinder head to guarantee a ho-
mogeneous air-fuel mixture to enter the cylinder. Standard
double-overhead camshafts (DOHC) were considered for the
valve distribution system. Regarding the ignition, a standard
M12 screw was installed over the cylinder head, allowing to
easily switch between the conventional spark plug and pas-
sive pre-chamber spark plugs. A summary of the most rele-
vant features of the engine is shown in Table 1.

Table 1: Main specifications of the 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)

A schematic representation of the test bench where the
engine was assembled is shown in Fig. 1. The bench counted
with several equipment, hardware and sensors to measure
and control relevant engine parameters, such as the temper-
ature of the fuel, oil and coolant, instantaneous pressure sig-
nals in the intake, exhaust and cylinder with a resolution of

0.2 crankangle degrees (CAD), fuel consumption, in-cylinder
air-to-fuel ratio and pollutant emissions. The full details of
the test cell can be found in previous investigations by the
authors [24, 32].

The experiments considered for this study were carried
out at the operating conditions shown in Table 2. These three
points are key conditions that gather a complete diagonal of
the engine map, being appropriate for a full characterization
of the concept. The low load/speed operating point (1350
rpm, 2.8 bar IMEP) is representative of idle conditions (for
example when the car stops at a traffic light). The medium
load/speed operating condition (2000 rpm, 6.8 bar IMEP) is
a point of maximum efficiency for this engine. Finally, the
high load/speed operating point (4500 rpm, 12.8 bar IMEP)
is representative of maximum power operation.

Table 2: Operating conditions used in the experiments.

Operating points OP 1 OP 2 OP 3

Engine speed [rpm] 4500 2000 1350
IMEP [bar] 12.8 6.8 2.8
Injected fuel [mg/cc] 28.4 15.3 8.4
λ [-] 1 1 1
EGR rate [%] 0 0 0
Spark Timing [CAD BTDC] 10 11.8 22
Intake pressure [bar] 1.1 0.68 0.39
Exhaust pressure [bar] 1.07 1.04 1.01
Coolant and oil temperature [K] 363 360 360

An internally developed software was used for combus-
tion diagnostics [33, 34]. This tool uses a thermodynamic
model to calculate the cycle-averaged values of several com-
bustion-related parameters from the measured in-cylinder pres-
sure signal. The Heat Release Rate (HRR) was calculated by
performing an energy balance of the system based on the first
law of thermodynamics. The complete details of the hypoth-
esis, models, submodels and equations implemented in this
software can be found in previous publications from the lit-
erature [35, 36].

HRR= mcv
dT
dα
+

dQ
dα
+ P

dV
dα

− (hf,inj − uf,g)
dmf,ev

dα
+ RT

dmbb

dα
(1)

Equation 1 shows the resulting expression for calculat-
ing the HRR. In this equation m is the instantaneous mass
calculated from the trapped mass at the Intake Valve Clos-
ing (obtained by means of a filling and emptying submodel
implemented in the software) and taking into account the
accumulated blow-by leakage. cv is the specific heat, calcu-
lated taking into account the instantaneous temperature and
composition of the charge (this value was not fixed). T is the
gas temperature, P is the pressure and Q represents the heat
transfer to the chamber walls. R is the gas constant and mbb
is the blow-by mass. The term (hf,inj-uf,g).dmf,ev represents the
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Figure 1: Layout of the test bench.

flow work of the injected fuel, evaporation and heating up to
the gas temperature. However, as this engine was port fuel
injected, this term was null.

2.2. Numerical model
The CFD simulations were carried out using the commer-

cial code CONVERGE [37], a CFD software based on the finite
volume method and developed specifically for Internal Com-
bustion Engine (ICE) applications. The complete details of
the physical and numerical models used for the calculations
are described in previous investigations [30, 38].

A sketch of the computational domain is shown in Fig. 2,
including a detailed view of the mesh inside the pre-chamber.
Due to certain design restrictions of the cylinder head, the
pre-chamber is not centered in the main combustion cham-
ber, and it has an offset with respect to the cylinder axis. Ta-
ble 3 presents a summary of the meshing strategies adopted
for this model, highlighting also the criteria for using the Au-
tomatic Mesh Refinement (AMR) algorithm to improve grid
resolution in run-time [37].

Regarding the turbulence modeling, the simulations were
carried out in an unsteady Reynolds-averaged Navier–Stokes
(URANS) framework. A two-equation turbulence model (RNG
k-εmodel) was used to estimate the Turbulent Kinetic Energy
(TKE) generation in the cylinder and the dissipation of this
energy (ε). This model has been widely used in ICE simula-
tions [39, 40].

Table 3: Mesh details.

Computational region Cell size
Intake port 2 mm
Exhaust port 2 mm
Cylinder 1 mm
Cylinder walls/Piston/Valves 0.5 mm
Pre-chamber 0.25 mm
Pre-chamber walls & holes 0.125 mm
Spark plug gap 0.0625 mm

AMR sub-grid criteria Minimum cell size
Temperature: 2.5 K 0.125 mm
Velocity: 1 m/s 0.125 mm

The combustion process was modeled with a two-zone
flamelet based model. The extended coherent flamelet model
(ECFM) [41, 42] uses the flame surface density (Σ) to track
the position of the flame front. Thus, an additional transport
equation for Σ is solved instead of detailed chemistry calcu-
lations, reducing the associated computational time. Other
phenomena related to the flame stretching by turbulence,
thermal expansion and the dilation of the flow are also ac-
counted for with this model [43, 44]. The resulting flame
front is used to divide the computational domain into burned-
/unburned regions by large scale stratification of species. This
model is well-suited to describe the combustion process of SI
engines [45]. Moreover, the ECFM model has an integrated
Imposed Stretch Spark Ignition Model (ISSIM) for simulating
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Figure 2: Computational domain and mesh details.

the electrical circuit of the spark plug [46, 47]. This model
transforms an energy input into an initial flame surface den-
sity to start the propagation of the flame.

In order to account for the thermo-chemical properties
of the flame (flame thickness and laminar flame speed) and
knocking combustion (auto-ignition), the ECFM model re-
quires tabulated values. Thus, a 0D well-stirred reactor model
(for the ignition delay data) and 1D laminar flame speed cal-
culations were used to generate the data tables of the flame
properties for several combinations of temperature, pressure,
equivalence ratio and mixture composition. These calcula-
tions are better described in a previous research [30]. Fig. 3
shows a set of results for both the laminar flame speed and
auto-ignition delay at high pressures (more representative of
engine-like conditions). Here, several reaction mechanisms
[48, 49, 50, 51, 52] are compared with experimental data
[53, 54]. Furthermore, the mechanism from Liu et al. [48]
was selected to generate the data tables as it gave the most
accurate predictions.

2.3. Validation of the CFDmodel
Before analyzing the simulation results, the validation of

the CFD model is a fundamental step to assure a high relia-
bility of the numerical solution. For this purpose, the oper-
ating points described in Table 2 were considered. The mea-
surement methodology and protocols are widely explained
in previous research works from the authors [24, 32]. This
methodology consisted in adjusting the injected fuel mass to
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0.6 1.0 1.4 1.8 2.2
[-]

0.0

0.1

0.2

0.3

0.4

L
am

in
ar

 f
la

m
e 

sp
ee

d
 [

m
/s

] Liu et al.
Brakora et al.
Wang et al.
Metghalchi et al.

p = 2 MPa
T = 373 K

1

10

100

1000

ig
n

it
io

n
 d

el
ay

 [
m

s]

Liu et al.
Mehl et al.
Liming et al.
Wang et al.
Fieweger et al.

0.8 1 1.2 1.4 1.6
1000/T [1/K]

p = 4 MPa
   = 1

Figure 3: Auto-ignition delay and laminar flame speed valida-
tion for different gasoline surrogates mechanisms at engine-
like conditions.

5



obtain the target Indicated Mean Effective Pressure (IMEP)
operating with the conventional SI system, and keeping it
constant for the subsequent pre-chamber tests. Thereafter, a
Spark Timing (ST) sweep was performed until reaching Max-
imum Brake Torque (MBT) conditions, or by contrast, until a
continued ST advance was prevented due to knocking com-
bustion. The geometric definition of the pre-chamber was
kept constant in all tests, with the geometrical parameters
shown in Table 4. All the tests were performed at stoichio-
metric conditions without EGR dilution.

Each CFD simulation was configured and initialized with
the corresponding experimental data (intake/exhaust tem-
peratures, intake/exhaust pressures, injected fuel mass, spark
timing...). The lumped model proposed by Torregrosa et al.
[55] was used to estimate the wall temperatures for the pis-
ton, liner and cylinder head, from the experimental data in
each operating point. After the simulations ended, the in-
cylinder pressure and heat release rate were compared to
those measured in the single cylinder engine. Results of this
comparison are shown in Fig. 4, where the in-cylinder pres-
sure data, averaged over 250 measured cycles, and the HRR,
estimated from the pressure signal in the main chamber, are
included for each operating point. A very good agreement
can be observed between the experimental and simulated
pressure traces of the three tested conditions. Additionally,
the HRR traces are also fairly reproduced by the CFD model
in terms of ignition onset, maximum combustion rate and
combustion duration.

In order to validate the robustness of the model, Table 5
presents a comparison of the IMEP and indicated efficiency
values. Results show that both indicated parameters match
very well between experiments and simulations. Therefore,
these calculations can be used to analyze in depth the phys-
ical and thermo-chemical processes involved in this ignition
strategy.

Table 4: Baseline pre-chamber geometry definition.

ID PC1

Volume [mm3] 600
Number of holes 6
Hole diameter [mm] 0.7
A/V ratio [1/m] 3.9
Protrusion into the main chamber [mm] 5

Table 5: Validation of indicated parameters.

Operating IMEP [bar] Indicated eff. [%]
point Experimental Simulated Experimental Simulated

OP 1 12.8 12.87 43.4 43.5
OP 2 6.8 6.78 41.5 41.4
OP 3 2.8 2.83 36.0 36.2
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Figure 4: CFD model validation for different operating points.

2.4. Methodology
A well-structured methodology is required to gain knowl-

edge of the performed calculations. Since there are limited
studies comparing the passive pre-chamber ignition concept
under different engine load/speed conditions by advanced
numerical simulations [56, 57, 58], a detailed analysis of the
relevant physical processes involved in this combustion sys-
tem must be made. Therefore, the comparison between the
simulated conditions was divided in two parts. The first part
was focused on the pre-chamber. Here, the most relevant
aspects of the combustion process, mixture stratification and
turbulence field inside this region were studied. Moreover, an
energy balance was performed to understand how the con-
cept is taking advantage of the energy available for igniting
the main chamber. The second part of this study focused on
the main chamber combustion and characteristics of the jets.
In this stage, a spatial analysis was performed to understand
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how the combustion process evolves inside the main cham-
ber and the impact of the jets over the global performance of
the engine.

After analyzing the differences between the 3 simulated
operating points, a detailed study of the low engine load/speed
point was made. A recurrent issue reported in the literature
for this operating condition is the inability to delay the spark
timing towards the expansion stroke, for achieving higher
exhaust temperatures. Furthermore, a spark timing sweep
was performed with the calibrated CFD model from the MBT
spark timing to the most delayed spark timing reached in the
experimental campaign. An additional simulation with the
spark triggered at TDC was also performed to better under-
stand the general trends related to the aforementioned issue.
In this case, the combustion process and energy conversion
inside the pre-chamber were deeply analyzed, highlighting
important aspects related to the ejection process as the spark
is triggered closer to TDC. Finally, the impact of these changes
over the evolution of the main chamber combustion was also
studied.

3. Results and discussion

This section shows the results obtained after applying the
described methodology. Also, the observed trends are widely
discussed, starting form the analysis of the passive pre-cham-
ber concept at different operating points and then, moving
towards the detailed study at low load/speed conditions.

3.1. Characteristics of the passive pre-chamber concept in differ-
ent operating points

A broad analysis was performed with the calibrated mod-
els shown in Fig. 4. These simulations will help to understand
key aspects of the passive pre-chamber concept, that could al-
low to propose alternatives for improving the performance of
this ignition system and overcome the issues encountered in
the literature at low engine load/speeds.

3.1.1. Analysis of the pre-chamber combustion
The first stage of this investigation focused on analyzing

the pre-chamber combustion process. The most relevant pa-
rameters of this process are shown in Fig. 5. The nomen-
clature for the simulated operating conditions was shown in
Table 2, where OP 1 corresponds to high engine load/speed
conditions, OP 2 corresponds to medium load/speed condi-
tions and OP 3 corresponds to low load/speed conditions.
Each simulation was launched with the corresponding ex-
perimental MBT spark timing, which is highlighted by ver-
tical lines in Fig. 5, with the same color as the corresponding
curve.

The top graph of Fig. 5 depicts the chemical HRR profiles
inside the pre-chamber, computed directly by the CFD model
from the species transformation along the combustion pro-
cess. Significant differences are observed between the three
operating points in both maximum combustion rate and com-
bustion duration. These effects can be attributed to two main

aspects: the difference in fuel mass available inside the pre-
chamber at the spark timing, and the local flow conditions.
The flame propagation inside the pre-chamber not only de-
pends on the amount of energy available but also on how
efficiently that energy is released. Therefore, the mixture
stratification and turbulence field play an important role on
the performance of the concept. Another interesting trend
is the secondary heat release peak, caused by the back-flow
coming from the main chamber after pressure increases due
to the main combustion process. Moreover, the relevance of
this secondary HRR peak increases as the engine load/speed
decreases. While the back-flow HRR peak is similar to the
primary one at medium load/speeds, it becomes even higher
than the first HRR peak at low load/speed conditions. The re-
lationship between both peaks depends on both the amount
of unburned mixture injected back into the pre-chamber and
the fuel remaining in this region at the beginning of the back-
flow.

The middle and bottom graphs of Fig. 5 show the pres-
sure difference between the pre-chamber and main chamber
(∆p) and the jet momentum, two representative parameters
of the ejection process. Both curves follow the same trend as
the corresponding HRR profiles. As the combustion rate de-
creases (i.e. at low engine load/speed), the pressure increase
inside the pre-chamber is gradual, affecting the ejection. The
jet momentum flux, calculated as the product of the flow rate
and the flow velocity through the holes, is proportional to
the pre-chamber pressurization. As it can be seen, the max-
imum momentum achieved for medium load/speed condi-
tions is four times lower than the momentum peak of high
load/speed conditions. Moreover, the momentum at low en-
gine load/speed conditions is over ten times lower than the
high load/speed case.

This analysis leads to the first important difference be-
tween the studied operating points. Given that the jet fea-
tures are considerably deteriorated at low load/speed condi-
tions, the concept loses its performance when operating in
this point.

In order to gain further insight, a detailed analysis of
the internal flow field and energy conversion inside the pre-
chamber was performed. The top plots of Fig. 6 show the
evolution for the Residual Gas Fraction (RGF) and Turbu-
lent Kinetic Energy (TKE) averaged in the pre-chamber re-
gion against the crankangle.

Here, the deterioration of the flow conditions as the en-
gine load and speed decrease is clearly observed. The RGF, in-
cluded on the left side, gives an overview of the pre-chamber
scavenge. At high load/speed conditions the percentage of
residual gases that remain inside the pre-chamber from the
previous cycle is in the range of 15% to 8% between -40 and
0 CAD after top dead center (aTDC). However, the RGF in-
creases significantly when moving to lower engine load/speeds.
In the case of OP3, the residual gas fraction ranges from 30%
to 20% in the same time interval considered before. The
visualization of the spatial distribution of RGF for each op-
erating point at -20 CAD aTDC reveals that this situation is
even worse when considering the local stratification of resid-
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Figure 5: Pre-chamber combustion parameters for each oper-
ating point. The HRR trace, pressure difference between the
pre-chamber and main chamber (∆p) and jet momentum are
plotted.

ual gases. The high percentage of RGF located at the spark
plug gap compromises the initial flame development. This
finding matches the results presented in previous studies by
the authors [24, 38], where the high sensitivity of the lam-
inar flame speed to the residual gases dilution was shown.
Therefore, the inherent increase in RGF when operating at
low load/speed conditions is a factor that strongly limits the
generation of high-quality jets and subsequently, the perfor-
mance of the concept.

On the other hand, the generation of turbulence is also
an important aspect in premixed combustion. The plot lo-
cated at top-right side of Fig. 6 shows the average TKE inside
the pre-chamber. These levels are almost eight times higher
for OP 1 than those of OP 3, favoring the flame propagation
while generating higher pressure difference among the pre-
chamber and main chamber. The snapshots included in the
bottom part of this plot show the spatial distribution of TKE

in the pre-chamber at -20 CAD aTDC. The turbulence flow
pattern is very similar between the three cases. The intense
TKE levels are generated at the pre-chamber bottom due to
the flow stretching through the holes. This pattern indicates
that the turbulent kinetic energy is rapidly dissipated as the
flow moves to the spark plug location. This is more evident
at low engine load/speeds, since the TKE generated is ex-
tremely low, hindering the final stages of the flame propaga-
tion inside the pre-chamber.

Moving on, analyzing the energy conversion inside the
pre-chamber, the top graph of Fig. 7 shows the fuel mass
available within this region as it is filled during the com-
pression stroke. As it can be seen, the amount of fuel inside
the pre-chamber depends on the engine load. Since the fuel
per cycle is lower for OP 3, the pre-chamber is filled with
less fuel when operating at lower engine load/speeds (see
Table 2). This effect is even more critical when the spark
timing needs to be advanced to achieve an optimum com-
bustion phasing. For example, OP 1 has a spark timing of -10
CAD aTDC whereas OP 3 triggers the spark at -22 CAD aTDC.
Consequently, the fuel available within the pre-chamber as
the spark timing moves to the bottom dead center (BDC) is
reduced, compromising the performance of the concept.

However, this aspect is not the only contributing factor for
obtaining suitable jets for the main chamber ignition. How
this energy is consumed and how much of it ignites the main
chamber are two relevant aspects as well. The middle and
bottom graphs of Fig. 7 show the energy balance inside the
pre-chamber during the ejection process. In this figure, the
absolute energy values are plotted in the middle graph and
the relative share of each parameter with respect to the total
energy available at the start of combustion are shown at the
bottom.

In the top graph, the full length of the bars represents
the energy available at the beginning of the combustion pro-
cess. In each bar, the red block corresponds to the energy
used for effectively igniting the main chamber (Energy Avail-
able for Ejection, EAE), coming from the hot products ejected
from the pre-chamber. The orange block is the energy losses
due to heat transfer through the pre-chamber walls. The yel-
low block represents the unburnt fuel remaining in the pre-
chamber at the end of ejection. And finally, the blue block
is the energy lost during the ejection of non-reacting flow.
In this last contribution, the flow is pushed towards the main
chamber due to the pressure increase inside the pre-chamber,
but the flame front has not reached the holes yet.

The EAE is computed by integrating the pre-chamber HRR
from the start of combustion until the end of ejection. The
pre-chamber heat losses were estimated with Angelberger’s
model [59], also computed between the start of combustion
and the end of the ejection process. The unburnt energy re-
maining in the pre-chamber was calculated by multiplying
the fuel mass inside the pre-chamber at the end of ejection
by the Lower Heating Value (LHV) of the fuel. Finally, the
fuel lost due to the inert ejection was calculated considering
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Figure 6: Flow field characteristics inside the pre-chamber region. The average residual gas fraction and turbulent kinetic energy are
plotted. Local distributions of both parameters at -20 CAD aTDC are also included.

an integration surface at the exit of each hole. All unburnt
fuel species flowing through these surfaces were computed
from the start to the end of the ejection.

Inspecting the middle graph of Fig. 7, the absolute en-
ergy difference between the three studied cases is clearly ob-
served. In addition, OP 1 not only has the most energy avail-
able, but also it is the most efficient in terms of energy con-
version. The bottom graph of this figure shows that over 70%
of the energy is used for igniting the main chamber. This is
attributed to the high combustion rates achieved inside the
pre-chamber in this operating point. The enhanced flow con-
ditions (higher TKE and less residuals) allow the flame front
to quickly sweep the entire volume, promoting an early ejec-
tion of reactive flow. Nevertheless, the share of heat losses is
also the highest (8%), due to the high temperatures reached
during combustion. In this case, the share of unburned fuel
left in the pre-chamber is negligible, and the energy lost in
inert ejection is less than 20% of the total energy.

Regarding OP 2, only 55% of the total energy is used for
main chamber ignition. The unburned fuel remaining at the
end of ejection increases up to 8%, indicating a lower com-
bustion efficiency. Additionally, the share of heat losses (4%)
is lower compared to OP 1. Nevertheless, the most signifi-
cant difference comes from the ejection of inert gases: 33%
of the fuel is ejected in these conditions. This is mainly due
to the longer time it takes for the flame to reach the bottom
of the pre-chamber, since the local conditions are worse in
this particular operating point.

Analyzing the energy balance of OP 3 reveals that only
45% of the energy is used for igniting the main chamber,
thereby 55% of the energy is lost in the other processes. The
combustion rates of this operating point are slower due to
unfavorable conditions inside the pre-chamber, resulting in
33% of the fuel to be left unburned at the end of the ejection.
The increase of unburned fuel as the engine load/speed de-
creases confirms the aforementioned discussion related to the
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Figure 7: Energy conversion inside the pre-chamber region
during the ejection process.

secondary HRR peak (see Fig. 5 for reference). The more fuel
remaining inside the pre-chamber after the ejection ends, the
higher will be the HRR peak during the back-flow, relative to
the main HRR peak of the first combustion process.

3.1.2. Analysis of the main chamber combustion
The second stage of this research focuses on understand-

ing the ignition and combustion process in the main chamber.
Fig. 8 presents a summary of the main chamber combustion
parameters. The top-row graphs of Fig. 8 show the HRR pro-
file for each operating point in black color. Additionally, the
HRR was divided into two contributions: the red line rep-
resents the amount of energy that is released within the jet
boundaries, while the blue one shows the energy consumed
outside the jets. Despite the expected differences in magni-
tude, the distribution among the energy released in-out the
jets is similar for the three operating points. Most of the fuel
is burned outside the jet limits. As the studied cases use non-
diluted stoichiometric conditions, thermo-chemical proper-
ties of the mixture are favorable for sustaining the flame prop-
agation, even in a low turbulence environment (outside the

jets). Therefore, once the flame reaches the jet boundaries,
it propagates freely as a regular SI engine flame front [30] at
reasonable speeds.

Fig. 8 also shows the distribution of the energy consump-
tion through the combustion chamber, in order to better un-
derstand the influence of the jets over the global combustion
process. The polar graphs were computed by dividing the
main chamber into six sectors, which corresponds to each
pre-chamber jet. The sketch located at the bottom of Fig. 8
shows a graphic representation of this distribution. Here,
each sector is labeled with the corresponding jet.

The first row of polar graphs shows the percentage of en-
ergy released in each sector with respect to the total energy
released in the main chamber. The spatial pattern is quite
similar in the three cases, where over 50% of the energy is
consumed by jets 5 and 6, while the other 50% of the energy
is equally divided in the rest of jets. This can be explained by
the particular position of the pre-chamber in the combustion
chamber. This element is not centered due to some design
restrictions of the cylinder head. Consequently, jets 5 and 6
have a longer free path to penetrate in this region, allowing
them to sweep a larger part of the main chamber volume.

The second row of polar graphs divides the percentage
of energy released in each sector into the contribution inside
and outside of the jet boundaries. The small share of energy
released within the jets can be observed again in this repre-
sentation. Moreover, the energy share between inside/outside
of jets 2 and 3 is similar for OP 1. Nonetheless, the differ-
ence between the fuel burned inside and outside of these jets
widens for OP 2 and OP 3.

Another clear trend is the reduction of the orange region
size when moving towards lower engine load/speeds, indi-
cating that the jets have less impact over the main chamber
combustion process. The final row of polar graphs was com-
puted to further quantify this aspect. These plots show the
percentage of energy consumed inside and outside the jets,
relative to the total energy of the corresponding sector. In
OP 1, over 40% of the energy released in sectors 2 and 3 is
consumed inside the jets, since they are closer to the cham-
ber walls. On the other hand, jets 5 and 6 only burn 24% and
19% of the respective energy released in those sectors. These
percentages are even lower for OP 2 and OP 3, ranging from
13% to 18%. Nevertheless, the relative trend is maintained in
all operating points; the highest percentage of energy burned
inside the jets corresponds to sectors 2 and 3, while the low-
est one corresponds to sectors 5 and 6. In particular, jet 6
burns only 13% of the energy released in that sector at OP 3.

In order to gain additional insight on the flame evolu-
tion in the combustion chamber, an analysis of the jets pen-
etration was performed. Only jet 6 was considered for this
study, since it has the longest free path within the main cham-
ber. With the purpose of establishing the jet boundaries, a
user-defined function was programmed into the CFD code.
This function initializes a passive species uniformly in the
whole pre-chamber region at the beginning of the ejection
process. This is a species that is transported with the flow but
is not considered for the resolution of the governing transport
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Figure 8: Main chamber combustion for each operating point. The total HRR profiles are plotted in the top row along with the amount
of energy that is consumed inside/outside the jets. The polar graphs show the amount of fuel consumed in each sector of the main
chamber by a specific jet. The bottom plot sketches the division of the combustion chamber for computing the polar graphs.

11



0 10 20 30 40

Crankangle [CAD after ST]

0.0

20.0

40.0

60.0

80.0

100.0

R
el

at
iv

e 
p

en
et

ra
ti

o
n

 [
%

]

Jet
Flame

0 10 20 30 40

Crankangle [CAD after ST]

0.0

20.0

40.0

60.0

80.0

100.0 Jet
Flame

0 10 20 30 40

Crankangle [CAD after ST]

0.0

20.0

40.0

60.0

80.0

100.0

R
el

at
iv

e 
p

en
et

ra
ti

o
n

 [
%

]

Jet
Flame

R
el

at
iv

e 
p

en
et

ra
ti

o
n

 [
%

]

JET PENETRATION & MAIN CHAMBER COMBUSTION
HRR

S
n

ap
s

h
o

t 
1

10
.0

 C
A

D
 a

S
T

S
n

ap
s

h
o

t 
2

15
.0

 C
A

D
 a

S
T

S
n

ap
s

h
o

t 
3

20
.0

 C
A

D
 a

S
T

1 2 3

Jet boundary

Flame front

1 2 3 1 2 3

OP 2
Medium load/speed

OP 3
Low load/speed

OP 1
High load/speed

Figure 9: Main chamber combustion and penetration of the jet/flame with the longest free path (jet 6). The local HRR is used to
track the position of the flame at a given snapshot whereas the limits of the jets are determined with the help of a dynamic tracer and
highlighted in green.

equations (a dynamic tracer). The passive species is initial-
ized to a value of 1 in the pre-chamber, and as the ejection
progresses, fractions of that species start to penetrate into the
main chamber. This allows to make the distinction between
the mass coming from the pre-chamber and the mass that is
burned in the main chamber. The threshold for defining the
boundary of the pre-chamber jets is con-sidered to be 1/1000
of the dynamic tracer’s mass. This threshold has been widely
used in the literature for Diesel sprays, and was found to be
an appropriate value for the turbulent jets coming from the
pre-chamber.

Fig. 9 shows a snapshot sequence for a cut plane located
in the axis of jet 6. The chosen snapshots correspond to three
different crankangles, 10, 15 and 20 CAD after the spark tim-
ing of each individual case (CAD aST). To track the position of
the flame front, the local HRR is plotted. The jet boundaries
are stressed in green. Additionally, the relative penetration of
the jet and the position of the flame, with respect to the max-

imum wall distance, are plotted at the bottom of Fig. 9. The
vertical lines labeled by 1, 2 and 3 identify the crankangle of
each snapshot.

Examining the slope of each curve reveals that the high-
est penetration rate is achieved at OP 1. In this case, the
flame surpasses the jet limits and reaches almost 90% of the
wall distance only 15 CAD after the spark timing. For OP 2
and OP 3 the penetration rate is lower, and the flame reaches
the jet limits at later stages. Moreover, although the maxi-
mum jet penetration reaches almost 80% in OP 1 and OP 2,
it stagnates around 60% of the wall distance in OP 3. This
has relevant implications for the performance of the concept,
since the flame will need to sweep a larger section of the main
chamber volume by itself without the support of the turbu-
lence generated by the jets.

Moreover, there is a delay between the beginning of the
jet penetration (inert/non-reacting ejection) and the start of
the flame penetration (reactive ejection). This gap increases
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as the engine load/speed decreases due to the worsened flow
field conditions inside the pre-chamber, which compromises
the flame propagation and subsequently the ejection process.

The two main ideas extracted from this section can be
summarized as:

• The relevance of jet features for improving the main
chamber combustion, which depends on the pre-chamber
burning rates and the pre-chamber energy management.

• The location of the pre-chamber inside the combustion
chamber has a considerable impact on the distribution
of energy in the main chamber. An asymmetrical posi-
tion, where the pre-chamber is offsetted with respect to
the cylinder center, has significant implications as some
of the turbulent jets are not able to reach the chamber
walls. In this situation, the turbulence generation is
lower, and the flame will need to sweep a high per-
centage of the chamber volume without the aid of the
jets.

Both aspects are critical at low engine load/speeds, since
the inherent deterioration of the thermo-chemical and flow
conditions in both chambers hinders the exploitation of the
potential capabilities of the concept. This represents a ma-
jor issue for implementing the passive pre-chamber system
in production engines, given that the concept loses flexibility
in this particular operating condition.

3.2. Exploring the limits of the concept at low engine load/speed
conditions

A common trend found in previous experimental inves-
tigations performed by the authors [24, 32] was a huge in-
crement of the cycle-to-cycle variations (CCV) as the spark
timing is delayed at low engine load/speeds.

Fig. 10 shows the variability of the IMEP (σIMEP) and the
exhaust temperature for the spark timing sweep performed in
the real engine, operating with both conventional spark igni-
tion and pre-chamber ignition. It is clearly observed how the
pre-chamber concept maintains a suitable combustion sta-
bility with low levels of σIMEP throughout a wide range of
spark timings. However, σIMEP suddenly increases after -10
CAD aTDC, reaching extremely high values.

This proves the high sensitivity of the passive pre-chamber
ignition system to the spark phasing. Note that a variation
of only 2 CAD is enough to reach the combustion instability
threshold. Additionally, the exhaust temperatures are lower
for the pre-chamber concept compared to the conventional
spark plug, due to the higher burn rates achieved with the
former ignition system. Thus, the spark must be triggered
closer to TDC to obtain exhaust temperatures over 600K for
the TWC warming up. In order to shed some light on the
behavior of the concept when delaying the ST, the numerical
model was used.
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Figure 10: Experimental spark timing sweep at low
load/speed conditions. The variability of the IMEP (σIMEP)
and temperature in the exhaust are plotted for both the con-
ventional spark plug and pre-chamber spark plug at each
spark timing.

3.2.1. Spark Timing sweep analysis
Four simulations were performed with the calibrated CFD

model in OP 3: the reference case with the MBT spark timing
(-22 CAD aTDC) and three additional simulations with the ST
triggered at -16, -8 and 0 CAD aTDC. The first three cases (ST-
22, ST-16, ST-8), are also replicated in the test bench for vali-
dation purposes, being the case of the ST triggered at -8 CAD
aTDC the threshold of combustion stability detected in the
experiments. The conditions of the last case (ST TDC) were
not reached during the experimental campaign due to the
extreme CCV faced. However, this calculation can provide
additional insight on the concept basis. All these simulations
were setup considering the same configuration parameters
(injected fuel mass, boundary and initial conditions).

Fig. 11 shows the experimental and numerical in-cylinder
pressure traces. As it can be seen, the global trends are well
captured by the CFD model, therefore, the calculations were
used to study the performance of the concept by following
the same methodology as the previous section.

Fig. 12 shows the HRR profiles inside the pre-chamber,
the pressure difference with respect to the main chamber
(∆p) and the momentum of the jets for each simulated case.
Despite the small differences in the primary HRR peak of ST-
22, ST-16 and ST-8 cases, the∆p and jet momentum follow a
rising trend as the spark approaches TDC. The peak momen-
tum achieved with the spark timing at -8 CAD is 50% higher
than the reference MBT case (ST-22). This can be attributed
to the higher fuel mass available at the start of combustion,
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Figure 11: Pressure profiles of the experimental spark timing
sweep and the spark timing sweep performed with the cali-
brated CFD model at low load/speed condition (OP 3).

since the pre-chamber is filled with additional flow when de-
laying the spark. Focusing on the simulation with the spark
triggered at TDC, the combustion profile is considerably de-
teriorated, reaching a lower HRR peak and increasing the
combustion duration. Nevertheless, the maximum momen-
tum peak of this case is at the same level as the reference
MBT spark timing.

In order to better understand these trends, the energy bal-
ance inside the pre-chamber during the ejection process was
performed for each simulated ST and plotted in Fig. 13. Here,
the same nomenclature of Fig. 7 was used.

From the top graph of Fig. 13 it can be seen that the ab-
solute energy values increase as the spark timing is delayed,
due to the extra filling of the pre-chamber. However, the lev-
els of the effective energy used for igniting the main cham-
ber (EAE) are kept within the same range for all the sim-
ulated cases. Inspecting the bottom graph shows that the
percentage of EAE decreases as the spark approaches TDC,
whereas the percentage of non-reactive ejected fuel mass in-
creases. For the last simulation, with the spark triggered at
TDC, over 50% of the energy is lost in inert conditions. Thus,
the additional energy introduced in the pre-chamber by de-
laying the spark timing is not really harnessed. These trends
can be attributed to two main factors: the worsening of the
combustion process due to the lower TKE levels inside the
pre-chamber, and the downward motion of the piston, which
forces the gases to exit the pre-chamber prematurely during
the first stages of the expansion stroke.
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Figure 12: Pre-chamber combustion parameters for each sim-
ulated spark timing. The HRR trace, pressure difference be-
tween the pre-chamber and main chamber (∆p) and jet mo-
mentum are plotted.

The top plot of Fig. 14 shows a comparison between the
real spark timing (setting ST), defined as the moment when
the spark is triggered, and the effective spark timing, defined
as the moment when the main chamber ignition occurs. The
dashed diagonal line in this plot corresponds to the ideal sce-
nario, where the main chamber ignition starts at the exact
time when the spark is triggered. In reality, there is a delay
between the triggering of the spark and the onset of the main
chamber combustion. In particular, for the pre-chamber con-
cept, the ignition can be characterized and divided into three
stages: the onset of pre-chamber combustion, the beginning
of reactive ejection (when hot gases start to penetrate to-
wards the main chamber) and the onset of main chamber
combustion. These stages are depicted in Fig. 14 for each
simulated ST and, it can be appreciated how the gap between
the stages widens as the spark timing is delayed. For the MBT
case, there is a 9 CAD interval between the beginning of pre-
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Figure 13: Energy conversion inside the pre-chamber during
the ejection process for the spark timing sweep.

chamber combustion and the onset of main chamber com-
bustion. On the other hand, for the most delayed ST simula-
tion, the gap between these two events is over 15 CAD. Since
there is a larger time interval between the spark timing and
the start of main chamber combustion, the flow field between
consecutive cycles may present higher variations in terms of
thermodynamics and turbulence. Therefore, the ejection and
combustion processes may face extremely different flow con-
ditions between cycles, increasing the CCV.

The bottom graph of Fig. 14 shows the jet momentum
profiles for the ST-22 and ST TDC simulations. Although the
morphology of the curves is quite similar, an important dif-
ference is observed in the dashed lines that are drawn over
each profile. These lines represent the crankangle at which
the reactive ejection begins (orange) and the onset of main
chamber combustion (red). The MBT simulation not only
has a shorter time gap between these two events (4 CAD),
but also the momentum is still increasing at the beginning of
reactive ejection. Therefore, the concept is taking advantage
of a higher jet momentum to ignite the main chamber while
sustaining the flame in the initial stages of combustion. On
the contrary, the reactive ejection does not begin until the
peak momentum is reached in the ST TDC case. Thus, the
initial stages of the main chamber combustion are sustained
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Figure 14: Difference between the setting spark timing and the
real spark timing, defined as the onset of the main chamber
ignition.

by a lower jet momentum and subsequently, by less turbu-
lence. Additionally, the difference between the start of re-
active ejection and the onset of main chamber combustion
increases from 4 CAD to 8 CAD.

In order to better analyze these phenomena, Fig. 15 shows
a snapshot sequence of the main chamber combustion con-
sidering both the MBT spark timing case (ST-22) and the
most delayed ST simulation (ST TDC). Again, the local en-
ergy release is colored to track the flame evolution and the
jet boundaries are highlighted in green. Comparing the snap-
shots 1 and 2, it can be seen that the jets are evolving simi-
larly, although the reactive ejection is delayed when trigger-
ing the spark at TDC. Moreover, snapshots 3 and 4 of the MBT
case show the flame front transformation form inside to out-
side of the jets. After reaching the jet boundaries, the flame
front evolves as a conventional flame propagation. The igni-
tion pattern for the delayed ST case is quite different, since
only the mass entrained by the jets is consumed in the con-
sidered time frame.

This trend can be clearly observed in the right-side graphs
of Fig. 15, where the HRR trace in the main chamber is drawn.
The black curve represents the total energy released, while
the red and blue curves represent the amount of fuel that is
consumed inside and outside the jets respectively. The dis-
tribution of energy clearly changes among both considered
cases. While only 20% of the energy is released inside the
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jets for the MBT case, over 50% of the main chamber charge
is consumed inside the jets for the delayed ST simulation.
Thus, the performance of the jets plays a significant role in
the main chamber combustion when the spark timing is de-
layed. This is even more critical at very delayed ST since
thermodynamic and flow features worsen during the expan-
sion stroke.

This study has demonstrated that increasing the jet mo-
mentum does not guarantee a performance improvement if
most of this momentum is applied to non-reacting flow. There-
fore, increasing the burning rates inside the pre-chamber to
achieve an early reactive ejection while advancing the onset
of main chamber ignition becomes crucial. However, achiev-
ing a high combustion rate inside the pre-chamber is compli-
cated as the spark timing is pushed towards TDC.

Finally, Fig. 16 shows one of the main reasons why the
HRR sharply decreases around TDC. In this figure the spatially-
averaged turbulent kinetic energy inside the pre-chamber is
drawn. A sharp decrease in the intensity of the turbulence is
observed after -20 CAD aTDC, compromising the combustion
in this region. This trend matches the pattern reported by the
experimental results of Fig. 10, where the concept shows a
high sensitivity to ST delaying in terms of combustion sta-
bility. Therefore, modifying the pre-chamber geometry for
increasing the turbulence intensity may help to improve com-
bustion stability and achieve high quality jets by sustaining
fast burning rates even at delayed spark timings.

4. Summary and conclusions

In this paper, a state of the art numerical investigation
was carried out to asses the performance of the passive pre-
chamber ignition concept in a turbocharged gasoline SI en-
gine for light duty applications. Three key operating condi-
tions of the engine map were simulated and compared with a
well-validated CFD model. Particularly, the low engine load/-
speed operating point, a recurrent problematic condition found
in other research works, was studied by performing a spark
timing sweep with the numerical model.

The novel methodology developed in this research for an-
alyzing the fundamental aspects of combustion and energy
management of the passive pre-chamber ignition system, has
allowed to close the knowledge gap between the physical
characteristics of the concept and the issues encountered in
the literature when operating at low engine load/speed con-
ditions.

The most relevant findings of the performed simulations
have allowed to fulfill the research objectives defined for this
investigation. These findings can be summarized as follows:

• At high load/speed conditions, the passive pre-chamber
concept is able to perform very well in terms of energy
conversion and combustion. Over 70% of the energy
available in the pre-chamber is used to initiate com-
bustion in the main chamber. The favorable flow condi-
tions in both chambers (low levels of residual gases and

high generation of turbulent kinetic energy) help to
promote the flame propagation during the pre-chamber
combustion and the main chamber ignition.

• On the other hand, at low engine load/speed condi-
tions, The inherent deterioration of the turbulent ki-
netic energy and the increased level of residuals in-
side the pre-chamber, compromises the performance of
the concept. The pressurization of the pre-chamber is
slower, thus, the jet features are worse and the main
chamber ignition is delayed as a result of the slow com-
bustion rates. Additionally, the energy management
inside the pre-chamber is also worsened, leaving over
30% of the fuel in this region to be unburned at the end
of the ejection.

• The relative position of the pre-chamber in the cylinder
head has a significant impact on the heat release distri-
bution along the main combustion chamber. The larger
offset between the cylinder axis and the location of the
pre-chamber, the more energy gradients will there be
in the main chamber. In this situation, the relative pen-
etration of some jets is lower due to the larger path to
reach the cylinder wall. Therefore, a higher percent-
age of the main chamber volume needs to be swept
by a conventional flame propagation without the sup-
port of the high turbulence levels generated by the jets.
This fact becomes critical at low load/speed conditions,
given that the momentum of the jets is lower due to the
slower combustion process in the pre-chamber.

• The spark timing sweep analysis performed at low en-
gine load/speed conditions revealed an energy man-
agement worsening inside the pre-chamber. Moving
the spark timing towards the expansion stroke increases
the energy available inside the pre-chamber, however,
most of this energy is lost during the ejection of non-
reactive flow. This fact widens the gap between the
triggering of the spark and the ignition of the main
chamber. Thus, increasing the burning rates inside the
pre-chamber volume, to promote an early reactive ejec-
tion, is crucial for improving the main chamber com-
bustion when delaying the spark timing.

• This last remark can be achieved by two alternatives.
The first is to optimize the internal design of the pre-
chamber in order to improve the scavenging of residual
gases and increase the generation of TKE. The second
alternative is to combine the passive pre-chamber con-
cept with another state of the art strategy for accelerat-
ing the pre-chamber combustion process. One possibil-
ity is to heat the walls of the pre-chamber, by adding a
special coating or by an electric resistance. This would
subsequently increase the mean flow temperatures of
the gases in this region to achieve higher laminar flame
speeds. Another interesting idea is to add a high en-
ergy ignition system inside the pre-chamber (plasma,
barrier discharge, surface discharge, corona igniter).
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Figure 15: Visualization of the main chamber ignition sequence for the MBT spark timing (ST -22 CAD aTDC) and the TDC spark
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Figure 16: Spatially-averaged turbulent kinetic energy inside
the pre-chamber at low load/speed conditions.

This would allow to burn the pre-chamber charge very
quickly, acting similarly to an active pre-chamber sys-
tem.

The findings of this investigation have improved the knowl-
edge on the underlying physics of the passive pre-chamber
ignition concept. This can be considered as an initial step to-
wards implementing this technology to production engines.
However, additional experimental and numerical studies must
be carried out to evaluate the alternatives proposed to over-
come the issues found in this and previous investigations at
low engine load/speed conditions.
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