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Abstract

The pre-chamber ignition concept is an attractive strategy to enable the operation of spark-ignition engines in lean or diluted
conditions keeping a suitable combustion process. According to the results the benefits in lean conditions include the fastening
of the combustion process, the improvement of combustion stability, the increase of combustion efficiency by lowering carbon
monoxide and hydrocarbons emissions. Thus, the pre-chamber ignition concept, especially in its passive version, arises as
a promising alternative for future spark-ignition engines for passenger car applications. In this framework, an experimental
investigation has been carried out to evaluate the potential of passive pre-chamber ignition concept in a high compression ratio,
turbocharged, port fueled spark-ignition engine, using 95 Research Octane Number gasoline. As a first step, a 1D Wave Action
Model was generated to design the pre-chamber geometry taking the fuel available at the start of pre-chamber combustion and
the pressure difference between the main chamber and pre-chamber as key parameters. In a second step, these pre-chamber
designs were experimentally validated at high load/speed conditions (4500 rpm, 12.5 bar Indicated Mean Effective Pressure)
and compared with the conventional spark-ignition concept. Experimental results show how the passive pre-chamber concept
increases efficiency with good combustion stability and high combustion efficiency in stoichiometric conditions. Nevertheless,
maximum lambda attainable with the passive system is similar than that of the conventional spark and much lower compared
to the maximum levels reported for the active system.
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1. Introduction

During the last years there has been a trend shift in the
passenger car sales at the European market due to differ-
ent social, political and economic aspects. The compression-
ignition (CI) powerplant sales fell down and its main com-
petitor, the spark-ignition (SI) powerplant, has taken up the
market share left. The extracost associated to the CI engine
related hardware required to fulfil the extremely restrictive
European emissions standards is probably the most impor-
tant factor [1]. However, SI engines provide worse efficiency
and then fuel economy figures compared to the equivalent CI
engines [2]. The main reasons are the low compression ratio
(between 8:1 and 12:1) and the necessity to operate the en-
gine in a stoichiometric air-to-fuel ratio (λ=1). The octane
number of the fuel and the intrinsic engine knock tendency
determine the compression ratio limit, both aspects widely
investigated by other authors [3]. The stoichiometric air-to-
fuel ratio limitation is related to the necessity to keep an ade-
quate flame propagation velocity to keep a suitable combus-
tion performance [4] and the use of the three-way catalyst to
control exhaust pollutant emissions [5].
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One of the most attractive solutions to improve the effi-
ciency in SI engines is the lean burn concept, which consists
of operating the engine in lean conditions (λ>1) [6]. This in-
creases the engine efficiency due to the reduction of the heat
losses through the combustion chamber walls, the increment
of the specific heats ratio (γ) and the reduction of pumping
losses at part-loads [7]. However, the state-of-the-art three-
way catalysts are not compatible with the lean burn concept
[8] and then the nitrogen oxides (NOx) emissions limit im-
posed by the standards can only be reached by increasing the
dilution ratio up to λ levels over 1.8-2.0 for gasoline-like fu-
els [9]. However, this solution deals to critical ignition and
flame propagation issues [10], so these extreme lean mix-
tures promote the cycle-to-cycle variability and increase the
probability of flame quenching or even misfire, with the as-
sociated increment in related emissions [11].

Another commonly applied strategy to improve the SI en-
gine efficiency consists in keeping the stoichiometric air-to-
fuel ratio (λ=1) and diluting the oxygen concentration in the
mixture by introducing Exhaust Gases Recirculation (EGR)
[12]. This option has the evident advantage of being fully
compatible with the three-way catalyst for pollutant control,
particularly NOx emissions [13]. However, the EGR rate nec-
essary to decrease NOx down to the emissions standards with-
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out the aftertreatment system is around 50%, which leads to
the same issues as increasing the air-to-fuel ratio in terms of
cycle-to-cycle variability, flame propagation and misfire [14].

The pre-chamber ignition concept, also known as Turbu-
lent Jet Ignition (TJI) [15, 16], arises as a very promising
alternative for enabling the implementation of the previous
strategies overcoming their drawbacks in SI engines from
high power stationary powerplants [17] to automotive ap-
plications [18]. This ignition concept uses a conventional
electrical spark system to ignite a given amount of fuel/air
mixture in a dedicated volume (pre-chamber) connected to
the combustion chamber (main chamber) through a set of
orifices [19]. Combustion increases the pressure in the pre-
chamber so a set of jets are ejected towards the main cham-
ber, forcing the onset of combustion in multiple locations
and also sweeping the main chamber volume [20]. The de-
tails of the complex characteristics of the ejected jets have
been thoroughly discussed in the literature [21, 22]. The
kinematics and development of the emitted hot jets from the
pre-chamber were studied by Allison et al. [23], while other
authors analysed different multi-jet configurations to under-
stand their interaction and its influence of the flame shape
inside the main chamber [24]. In suitable conditions, the
main chamber combustion shows extremely low dispersion
and it is significantly faster compared to the conventional
spark-ignition system [25]. In general, this faster combus-
tion is also favourable to mitigate the knock tendency, allow-
ing an increasing compression ratio to further improve the
engine thermal efficiency [26].

The pre-chamber ignition concept can be implemented
according to two approaches [15, 16]. In active systems [27],
there is a dedicated fuel supplier inside the pre-chamber, the-
reby its air-to-fuel ratio is controlled at optimum values around
1, independently from that of the main chamber. In this re-
gion, the desired lambda value, usually gathered between 2.0
and 2.4 for gasoline fuel, is fixed by the main injector. In lean
burn conditions, with air-to-fuel ratios well over 1 in the main
chamber, the high reactivity of the ejected jets from the pre-
chamber promotes the ignition of the main chamber charge.
Other benefits associated to this active system are the strati-
fication of the charge and the sharp reduction of the emitted
HC and NOx [28]. In passive systems [29], there is no addi-
tional fuel addition in the pre-chamber, so its air-to-fuel ratio
is not directly controlled. In port fuel injection (PFI), engines
λ is essentially equal in both chambers, while in direct injec-
tion (GDI) engines λ differences between chambers can be
indirectly generated by adjusting the pre-chamber and injec-
tor relative spatial position up to a some extent [30].

In short, the key advantage of passive systems is its me-
chanical simplicity as the pre-chamber can be directly as-
sembled into a conventional spark plug body, making the
implementation straightforward in terms of packaging and
costs. However, some aspects should be still investigated in
detail, for example, the pre-chamber scavenging and filling,
which depends basically on the gas transfer between the pre-
chamber and the main chamber, and the limits of the concept
in terms of maximum air and/or EGR dilution.

The pre-chamber ignition concept has been widely in-
vestigated due to its unquestionable advantages and perfor-
mance [31]. Particularly, the increased combustion veloc-
ity [32, 33], the reduced cycle-to-cycle variability [31] and
its capacity to operate under lean burning conditions [34],
make the active pre-chamber concept an interesting technol-
ogy to improve the fuel economy in the transportation sector
[35]. However, the extra cost of the double injection system
compromises its application to automotive applications, es-
pecially in passenger cars, in which the packaging and man-
ufacturing costs are critical and they could determine the suc-
cess or failure of the concept itself. For this reason, the pas-
sive concept arises as a promising solution to overcome these
limitations while decreasing the fuel consumption in the new
generation of SI engines [31].

The research work reported in the present paper frames
in the context of increasing the thermal efficiency and re-
ducing the pollutant emissions of the next generation of SI
engines, which is currently of great interest for the scientific
community and of great concern for the society and world-
wide governments. The potential of the passive pre-chamber
ignition system is widely investigated following two stages.
In the first stage, a 1D Wave Action Model (1D-WAM) of the
experimental facility was built to analyse the impact of the
most relevant geometrical parameters on the performance
of the concept, defining two pre-chamber designs. In the
second stage, these two designs were experimentally eval-
uated by comparing the results against those obtained with
a conventional spark-ignition concept to identify their bene-
fits/drawbacks, and also to discuss the suitability of the pas-
sive pre-chamber ignition concept to extend the λ or the EGR
rate limits.

2. Tools and methodology

2.1. Engine architecture and test cell characteristics
Experimental activities were carried out in a single-cylinder

research version of a 4-Stroke turbocharged SI engine well
representative of those currently employed in passenger car
applications. As a reference, Table 1 contains the most rel-
evant characteristics. The engine compression ratio was in-
creased up to 13.6 with the aim of checking the compatibility
of the lean burn or EGR dilution combined with the passive
pre-chamber ignition concepts with high compression ratios.
The original GDI fuel supply system was replaced by a PFI
system assembled in the intake manifold at 270 mm from
the cylinder head in order to generate a fully homogeneous
air/fuel mixture inside the cylinder, avoiding possible uncer-
tainties generated by uncontrolled heterogeneities. Cylin-
der head has four valves with double-overhead camshafts al-
lowing to improve the cylinder scavenging and filling, since
the valve overlap was intentionally removed with the aim of
avoiding shortcircuit losses.

As shown in Fig. 1, the conventional spark plug and the
spark plug body with an integrated pre-chamber share the
same housing in the cylinder head, being easy and quick to
exchange between concepts and/or pre-chambers.
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Figure 1: Sketch of the engine design including the passive pre-chamber spatial positioning in the cylinder head.

Table 1: Main specifications of the engine architecture.

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)

The engine was assembled into a fully instrumented test
cell according to the scheme shown in Fig. 2. Compressed
air was provided by an external compressor to simulate boost
conditions, while the exhaust backpressure was reproduced
and controlled by means of a throttle valve placed in the ex-
haust line after the exhaust settling chamber. The experimen-
tal facility also included a low pressure EGR system, designed
to provide arbitrary levels of cooled EGR even at very high in-
take boost pressures.

Water and oil cooling circuits are also independent from
the engine, and temperatures were strictly controlled and
monitored during all experimental tests by an AVL 577 con-
ditioner. The fuel consumption of the engine was monitored
with an AVL 733 gravimetric dynamic fuel meter, and fuel
temperature was controlled by an AVL 753 conditioner. Tests
were carried out using a calibrated gasoline with the 95 Re-
search Octane Number (RON95) fuel shown in Table 2.

Pollutant emissions from the engine were sampled close
to the exhaust settling chamber and routed to a gas analyser
HORIBA MEXA 7100 DEGR by a heated pipe to ensure gas
temperatures above 150ºC. Measurements of O2, CO, CO2,
HC, NOx and EGR rate were performed for all tests, while
soot emissions traced by the filter smoke number (FSN) were

Table 2: Main chemical and physical properties of the used
fuel.

Type Gasoline RON95

H/C ratio [mol/mol] 1.761 mol/mol
O/C ratio [mol/mol] 0.0 mol/mol
Oxygen content [%] 0.0
A/Fst [-] 14.374
Lower Heating Value (LHV) [MJ/kg] 42.793
Density (15oC) [kg/m3] 843.8
Kinematic viscosity (40oC) [cSt] 2.47
Reduced formula (CxHyOz) 7.594 (x) - 13.376 (y) - 0.0 (z)

measured by an AVL 415 Smokemeter. Finally, the average
air-to-fuel ratio was calculated dividing the fresh air mass
flow rate, excluding the air present in the EGR, by the in-
jected fuel mass flow rate. In-cylinder air-to-fuel ratio was
measured by the gas analyzer HORIBA MEXA 7100 DEGR
and also by a lambda sensor at the exhaust. Instantaneous
cylinder pressure was measured using a piezoelectric sensor,
while instantaneous intake and exhaust pressures were mea-
sured using piezorresistive sensors. All high frequency sig-
nals were sampled with a resolution of 0.2 cad.

The most relevant global parameters related to the com-
bustion process, such as the indicated gross mean effective
pressure (IMEP), start of combustion (SoC), combustion phas-
ing (CA10 and CA50), combustion duration (CA1090), maxi-
mum cylinder pressure, pressure gradient, combustion stabil-
ity, heat release rate (HRR) and cylinder mean gas tempera-
ture were calculated from the cylinder pressure signal by the
in-house 0D combustion diagnostics software [36, 37].
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Figure 2: Complete layout of the engine test cell.

2.2. 1D Wave Action Model

A complete 1D Wave Action Model layout of the exper-
imental facility and the single cylinder engine was gener-
ated after gathering the required geometric information of
the different elements. The model was constructed in two
stages: initially, a basic layout of the engine and test bench
—including air, EGR and fuel supplies— was defined, and
later, the dedicated layout of the pre-chamber was developed
and connected to the engine cylinder volume by a set of ducts
representing the pre-chamber orifices.

Regarding the combustion process simulation, two differ-
ent approaches were followed according to the experimental
information. The HRR profile was imposed in the main cham-
ber coming directly or indirectly, after a proper scaling, from
thermodynamic analysis of the experimental instantaneous
cylinder pressure. Since the instantaneous pressure within
the pre-chamber was not available, HRR profiles were case-
generated using a Wiebe function [38]with the proper shape
parameters required to match the desired combustion shape
and duration.

For validation purposes, the reference model layout —
without the pre-chamber— was calibrated by comparing its
results with those obtained after testing the engine with the
conventional spark-ignition system. In particular, tests were
performed at the target operating condition described in Ta-
ble 3. Results shown in Fig. 3 shown that intake and exhaust
acoustics are fairly reproduced by the model whereas the pre-
diction error of the air/fuel mass flow rate is lower than 2%.

As it can be seen in Fig. 4, the pressure profile during the
closed-cycle is also accurately reproduced by the model. In
addition, the peak pressure error is lower than 3% leading to
a similar error in the gross IMEP estimation.

In sum, results confirm how the developed 1D-WAM model
is suitable for the further research activities since its capabil-
ity to reproduce the experimental trends have become evi-
dent.

2.3. Methodology

In this research, the target operating condition was se-
lected by considering different aspects. The combination of
medium-to-high engine speed (4500 rpm) and mid-to-high
engine load (12.5 bar IMEP) has not been extensively inves-
tigated previously, so there is not much information reported
in the literature. The mid-to-high engine speeds compromise
the scavenging and filling of the pre-chamber, which is critical

Table 3: Details about experimental baseline test conditions.

Spark-Ignition baseline

Engine speed [rpm] 4500
IMEP [bar] 12.5
Injected fuel [mg/cp] 28.6
Intake air temperature [K] 283
Intake pressure [bar] 1.1
Exhaust pressure [bar] 1.07
Coolant and oil temperature [K] 363
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Figure 3: Comparison of experimental and simulated (1D-
WAM model) intake and exhaust pressures.

Figure 4: Comparison of experimental and simulated (1D-
WAM model) in-cylinder pressure profiles.

in passive systems as discussed in the introduction, so assur-
ing the proper gas exchange at this point is critical for the ap-
plicability of the passive pre-chamber ignition concept. The
mid-to-high engine load was selected to investigate the im-
pact of the passive pre-chamber ignition concept on knocking
tendency. However, staying in the safety side was mandatory
in both cases, so higher speeds/loads were considered risky
for the engine structural integrity, particularly considering its

high compression ratio. After the definition of the target op-
erating condition, this research work has been divided into
two chronological stages following a logical structure.

As a first stage, a 1D-WAM simulation —including the
pre-chamber sub-model— was performed with the aim of
performing a qualitative analysis of the impact of the most
relevant passive pre-chamber geometrical parameters on its
performance, as other authors did in prior works [39, 40].
Then, two pre-chamber designs were manufactured and ex-
perimentally tested. The parameters under consideration were
the pre-chamber volume and the diameter of the orifices, al-
ways keeping the number of orifices (6). Regarding the pre-
chamber volume, it was controlled by adjusting its length
since the diameter was constrained by the cylinder head hous-
ing.

Several assumptions were required as these pre-chambers
were not available at this point for the experiments, conse-
quently experimental data was not accessible for validation.
Thus, the main-chamber combustion was modelled by impos-
ing the HRR profile obtained after scaling the experimental
trace of the reference case operating with the conventional
spark-ignition system.

According to the literature [25], the pre-chamber ignition
concept shortens the combustion duration between 2.0 and
3.0 times, therefore the scaling factor was adjusted so that
the combustion duration was 2.5 times shorter [27]. The
phasing was kept constant at 50% of fuel burned (CA50)
and equal to 24.2 cad, which corresponds to Maximum Brake
Torque (MBT) conditions. Pre-chamber combustion was mod-
elled by a Wiebe function [38] with the proper parameters to
generate a 29 cad combustion duration for a pre-chamber
volume of 600 mm3. This duration was linearly scaled with
the pre-chamber volume. Since the pre-chamber geometry
is a cylinder, the length to be travelled by the front flame
—assuming constant turbulent flame speed— practically co-
incides with the length of the pre-chamber. The CA50 of this
combustion was fixed to coincide with the onset of the main-
chamber combustion. Lastly, the total injected fuel was kept
constant at the reference value (3.85 kg/h), therefore, the
study was performed at iso-total fuel energy conditions.

With all these assumptions a test grid, witch combines
pre-chamber volumes between 400 and 1000 mm3 (7 levels)
and orifice diameters among 0.4 and 0.9 mm (6 levels), was
defined, resulting in 42 simulations all performed under stoi-
chiometric conditions. The analysis of the performance of the
pre-chambers was focused on the total fuel quantity available
at the start of the pre-chamber combustion and the maximum
∆p achieved between both chambers during ejection event.

Finally, two pre-chamber designs were selected from this
study for being experimentally evaluated. The first is consid-
ered as the most promising alternative, while the second one
was chosen to be evidently worse.

As a second stage, an experimental campaigning was car-
ried out in the engine in order to compare the performance
of the two passive pre-chamber geometries against the con-
ventional spark-ignition system. All tests were designed for
being fully compatible with the previous modelling activity,

5



so in each case the spark timing was swept until reaching the
MBT conditions. In addition, the injected fuel mass was cal-
ibrated to obtain the target gross IMEP operating with the
conventional spark system at stoichiometric conditions with-
out EGR and then, it was kept constant for all other tests.
Initially, the conventional spark system and the two passive
pre-chamber designs were evaluated at these conditions to
gain knowledge on the benefits/drawbacks of this ignition
concept.

Later, all three ignition systems were evaluated in lean
burn conditions by increasing the air-to-fuel ratio in steps of
0.2 until reaching the maximum acceptable level (limited by
combustion stability). The study was completed by assessing
the systems in diluted conditions by increasing the EGR rate
in steps of 10% also until finding the maximum value from
which the combustion stability was unacceptable. Details of
the tested cases are included in Table 4. Experimental results
were expected to support or reject the modelling analysis and
design process followed in the previous stage.

3. Results and discussion

This section describes the main findings of the present in-
vestigation starting from the design of two passive pre-chamber
geometries, which are lately experimentally evaluated oper-
ating in stoichiometric conditions, and completing the study
by assessing their performance in combination with the lean
burn and EGR diluted combustion concepts.

3.1. Design of the passive pre-chamber geometry

Results of the aforementioned methodology for design-
ing the pre-chamber geometry are presented in Fig. 5. In this
figure, all the relevant parameters were plotted using a cu-
bic polynomial fit for visualization. Also, the region where
there is no ejection process was not coloured. As can be
seen, this method allows to identify optimum design param-
eters (pre-chamber volume and holes diameter) taking into
account multiple aspects.

The maximum∆p achieved is directly related to the capa-
bility of the jets to penetrate into the main combustion cham-
ber. This parameter is calculated as the pressure difference
between the main chamber and the pre-chamber. The higher
∆p, the less time the jets need to sweep the main chamber.
The amount of fuel available within the pre-chamber at the
spark plug ignition, denoted fuel@SoC, indicates the maxi-
mum amount of energy that is possible to obtain from the pre-
chamber combustion. Lastly, the total burned fuel parameter

Table 4: Operating settings for tests at 4500 rpm 12.5 bar
IMEP.

λ [-] EGR [%]

Spark-ignition 1.0 - 1.2 - 1.4 0% - 10% - 20%
Pre-chamber 1 1.0 - 1.2 - 1.4 - 1.6 0% - 10% - 20%
Pre-chamber 2 1.0 - 1.2 0%

Figure 5: Results of the parametric study performed with the
1D-WAM code for designing the pre-chamber.

is the fraction of this fuel that is really consumed. The dif-
ference between both parameters is related to the fuel mass
evolution inside the pre-chamber during the combustion pro-
cess. As the flame front progresses, pressure inside the pre-
chamber rises and forces the air-fuel mixture to leak through
the orifices. On the contrary, for cases with low∆p, the pres-
sure difference between the pre-chamber and the main cham-
ber inverts before the end of the pre-chamber combustion,
and additional fuel is injected into the pre-chamber, thereby
leading to an increased total burned fuel value that exceeds
the fuel mass available at SoC (fuel@SoC)
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According to these parameters, it can be observed that
there are two different regions in the simulated space. While
the top-left region show the best combination of parameters,
the region located at the bottom-right side of the graphs con-
gregate the worst designs.

Due to the novelty of this ignition system and the lack
of available information about it, two different designs were
chosen. The first one, named pre-chamber 1, is located in the
favourable region where the achieved ∆p assures a suitable
jet features. The second design, referred as pre-chamber 2,
is localized in the unfavourable region, thereby a consider-
able lack of performance was expected from it. The weak
performance of the second pre-chamber can be explained by
the small jets penetration and the low fuel available for the
pre-chamber combustion.

Considering these extreme configurations will help to fur-
ther validate the pre-design method presented here, thus as-
suring a good estimation of the combustion system in the
whole considered range of application. The validation of this
method is particularly critical in order to verify if this simple
and computationally inexpensive method could shed some
light in the design of this complex ignition system.

The specific geometric parameters of both selected pre-
chambers are shown in Table 5. As it can be seen, the favourable
design has smaller volume and higher orifices diameter.

Table 5: Main geometric specifications of the designed pre-
chambers.

Pre-chamber 1 Pre-chamber 2

Volume [mm3] 600 900
Hole diameter [mm] 0.7 0.5
Number of holes [-] 6 6

Recalling the maximum∆p graph already shown in Fig. 5,
it can be seen that the pre-chamber 1 has larger values than
pre-chamber 2. As the corresponding contour plot shows,
this value is considerably higher in the pre-chamber 1 than
in pre-chamber 2 reaching almost 15 bar of difference. Con-
sequently, jets ejected from pre-chamber 2 will have more
difficulties to penetrate within the main combustion cham-
ber, compromising not only the turbulence intensity —which
helps to enhance the burning velocity— but also reducing the
reaction surface in contact with the unburned charge.

It may be easy to think that larger pre-chamber volume in-
creases the∆p and then the performance of the jets, since the
amount of fuel in the pre-chamber should be higher. More-
over, mass flow losses from the pre-chamber increase as the
holes diameter is enlarged, causing that the optimum solu-
tion will be a balance between the volume and cross-sectional
area of the orifices. In this way, pre-chamber 1 design has an
adequate ratio between both parameters whereas pre-chamber
2 has a combination of a big volume and small orifices.

Figure 6 shows a comparison among both selected de-
signs. In this figure, the pressure evolution in the main cham-
ber and in the pre-chamber is plotted to identify the differ-

Figure 6: Simulated pressure profiles for the main chamber
and pre-chamber for the selected designs.

ences between both regions, and both designs as well. More-
over, it provides a better understanding of the pre-chamber
filling process.

Examination of the top graph allows to distinguish three
different stages during the closed-cycle. First, the pre-cham-
ber is filled with the unburned charge available in the main
chamber. The pressure in the main chamber is higher than
in the pre-chamber during this stage as a consequence of the
pressure drop though the pre-chamber orifices. This effect is
more noticeable in the second pre-chamber design, in which
the pressure drop is significantly higher due to the smaller
orifices diameter. The second stage corresponds to the pres-
sure rise due to the pre-chamber combustion. The charge is
burned after the spark onset, increasing the pressure inside
the pre-chamber. Then, a mixture of unburned charge and
combustion products, including intermediate species at high
temperature, flows into the main chamber in the form of jets.
In the final stage, these high-reactivity jets ignite the charge
in the main combustion chamber, releasing most of the en-
ergy.

3.2. Experimental evaluation of the pre-chamber designs

After the design process, the selected pre-chambers were
fabricated and assembled in the engine in order to test them
and validate the design methodology. Three ignition systems
were tested (SI, TJI pre-chamber 1 and TJI pre-chamber 2)
at conditions described in Table 3 without EGR dilution and
λ=1 conditions.
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The measured in-cylinder pressure and the estimated HRR
profiles of these tests are included in Fig. 7. The cycle-avera-
ged cycle is plotted together with the standard deviation data
to analyse the cycle-to-cycle variation (CCV). It can be clearly
seen how there is a substantial increment of the maximum
pressure (nearly 50%) when switching from SI to TJI con-
cept. This increment is mostly produced by the higher burn-
ing rate reached by the pre-chamber ignition concept that
optimizes the combustion phasing, as the bottom graph of
the figure shows. The combustion duration is remarkably
reduced —from 39.6 cad to 20.8 cad— by the TJI concept
whereas the combustion phasing (CA50) is moved towards
the Top Dead Centre (TDC).

It is also noticed from Fig. 7 that the standard deviation
decreases almost 80% when operating with TJI concept. This
reduction is more evident in Fig. 8 in which the σIMEP is
plotted for the three ignition concepts considered so far. In
addition, the increment in IMEP combined with this CCV re-
duction leads to an increment of the gross indicated efficiency
of 3%.

Regarding pollutants, it is observed that hydrocarbons
(HC) and carbon monoxide (CO) emission are kept constant
at stoichiometric conditions, maintaining the combustion ef-
ficiency at similar values as those shown by the SI concept.
This trend is also accompanied by an increase of NOx emis-
sions caused by the higher local temperatures achieved when
operating with TJI.

Figure 7: Effect of pre-chamber 1 and 2 on combustion. In-
cylinder pressure and HHR profiles for SI, pre-chamber 1 and
pre-chamber 2 at stoichiometric conditions.
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Figure 8: Gross indicated and combustion efficiency, IMEP,
σIMEP, and NOx at stoichiometric conditions tests for spark-
ignition (Spark), TJI pre-chamber 1 (PC1) and TJI pre-
chamber 2 (PC2).

Therefore, the overall performance of the engine at this
particular operating condition can be improved by switching
to the passive TJI injection system. The values obtained by
both pre-chambers are very similar in terms of performance.

3.3. Towards lean combustion conditions

Once that both pre-chambers designs have been tested at
stoichiometric conditions, the next step in the investigation
was to evaluate the performance of the TJI concept under
lean combustion conditions. In particular, the target of this
study was to extend the operating range to λ=2 conditions at
which the exhibited NOx levels are well bellow the stipulated
limits without the use of the three-way catalyst.

The effect of increasing the air-to-fuel ratio is shown in
Fig. 9. For this study, λ was swept from 1 to the ignition limit
of each combustion concept considered. In all these tests, the
combustion phasing was fixed by the maximum brake torque
(MBT), or by the knock limit (if the latter could not be met)
to assure the maximum output power.

As seen for the stoichiometric tests, TJI offers higher lev-
els of efficiency. Both pre-chamber designs show higher IMEP
values than the conventional SI concept in their respective
operating λ ranges. In addition, the combustion stability
is maintained at comparable and reasonable levels (ηc >
97.5%) under all tested conditions. However, the reduction
in σIMEP already observed in the stoichiometric tests is not
observed in the whole range of λ. Particularly, combustion of
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pre-chamber 1 becomes more unstable at λ=1.2 and λ=1.4
and the levels of σIMEP exceed those observed in the SI con-
cept.

The higher temperatures achieved due to the TJI enhanced
combustion lead to an increase in NOx emissions whereas
trends are quite similar in both concepts. In addition, TJI
with pre-chamber 1 (λ=1.6) is able to reach same NOx lev-
els as SI (λ=1.4) without the considerable loss of efficiency.
Nonetheless, despite being significantly reduced, NOx levels
are still far from the target limits imposed by public institu-
tions for the near future.

It can be observed in Fig. 9, that λ sensitivity not only
depends on the combustion concept, but also the pre-camber
design plays a relevant role in the ignition limit. Other im-
portant aspect to highlight is that SI concept is capable to
extend the ignition limit with an evident IMEP drop whereas
both TJI concepts keep the IMEP at competitive values until
the engine shuts down. In order to understand these trends,
Fig. 11 show the in-cylinder pressure and HRR of the three
concepts at their respective ignition limits. The most signif-
icant difference arise in the morphology of the combustion
law. While the length of the SI combustion is considerably en-
larged when the air dilution is increased, it hardly changes
when operating with both TJI concepts. Consequently, the
combustion phasing (CA50) can be delayed far beyond the
TDC in the SI concept.

What is evident from these results is that the ignition
issues observed in the main chamber when operating with
conventional SI are replicated in the pre-chamber at differ-
ent scales, depending on the thermochemical and turbulence

Figure 9: Effect of increasing the air-to-fuel ratio over the
main operating parameters and emissions levels.
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Figure 10: Comparison of experimental and simulated (1D-
WAM model) in-cylinder pressure profiles for pre-chamber 1.

conditions. Hence, the decreased fuel mass inside the pre-
chamber as the air-to-fuel ratio is increased, clearly compro-
mises the ignition and the subsequent mixture burning. How-
ever, the increased ignition limit shown by the pre-chamber
1 can be explained probably due to the enhanced turbulence
conditions inside the pre-chamber that promote a faster com-
bustion, resulting in enhanced jet features to ignite the main
chamber.

This situation worsens if it is considered that there is a
certain amount of residual gases from the previous cycle that
is not evacuated from pre-chamber during the scavenge. This
extra dilution decreases the mixture reactivity and compro-
mises the ignition. This effect becomes more evident in the
pre-chamber 2, where the small orifices reduce the perme-
ability between the pre-chamber and the main chamber, there-
by reducing the combustion products exchange. Although
the expected performance of pre-chamber 2 was worse than
that obtained at λ=1 conditions, it is clear that its operat-
ing range is more limited and the tolerance to air dilution is
considerably lower than pre-chamber 1. This fact validates
the design methodology described in section 2 since the over-
all results observed from pre-chamber 2 are generally worse
than those obtained from pre-chamber 1.

Although the experiments show a fair coherence with the
1D-WAM model results, the numerical solution should be di-
rectly contrasted with experiments to determine whether the
design methodology is valid and sufficiently robust. In this
way, Fig. 10 shows the result of this comparison consider-
ing the baseline operating condition (4500 rpm and 12.5
bar IMEP) for the pre-chamber design 1. As can be seen,
results reveal a reasonable agreement between both exper-
iments and simulation. Therefore, the capacity of the nu-
merical model for predicting experimental trends with a low
computational cost is demonstrated. These results also un-
veil the potential advantages of this numerical methodology
when optimizing the pre-chamber design since a huge num-
ber of parameters can be tested without the need of costly
and time-consuming experimental tests.
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Figure 11: In-cylinder pressure and HRR traces at the ignition
limit for all considered combustion concepts. Black lines cor-
respond to SI at λ=1.4, blue lines refer to TJI pre-chamber 1
at λ=1.6 and red lines to TJI pre-chamber 2 at λ=1.2.

Taking advantage of the 1D-WAM model results used for
the pre-chamber design, it is also possible to estimate the
amount of residual gases inside the pre-chamber at the start
of combustion (SoC). Considering stoichiometric conditions
and 0% of EGR dilution the predicted internal gas recircula-
tion (IGR) rate is 14.7% and 26.1% for pre-chambers 1 and
2, respectively. These values explain the extremely reduced λ
range showed by the pre-chamber 2, since the high IGR rates
observed in the second pre-chamber results in a extremely
diluted mixture out of the limits of inflammability.

From a theoretical point of view, efficiency can be ex-
pected to systematically increase with the air-to-fuel ratio
due to the heat transfer reduction and increased specific heats
ratio (γfuel < γair). However, recalling the evolution of the
indicated efficiency of pre-chamber 1, it can be seen how it
decreases after the maximum point achieved at λ=1.2.

In order to find the explanation to this behaviour, a com-
bination of experimental results and the 1D-WAM modelling
were used. In a first step, a complete λ sweep maintaining
the combustion velocity equal to the λ=1 test (experiment)
was simulated, that is keeping the HRR profile in all sim-
ulations. This could help to understand how the efficiency
evolves in the hypothetical case that the combustion does
not change when modifying the air-to-fuel ratio. However,
as Fig. 12 shows, the HRR profile changes as the λ value in-
creases. Therefore, the HRR profile obtained from the λ=1.6

test (experiment) was used in the same analysis to estimate
how the efficiency decays due to the modified combustion
law.

The trend of the simulated efficiency is shown in Fig. 13
whereas the additional simulation with the λ=1.6 HRR pro-
file is also included. It is observed from this figure that the
indicated efficiency constantly grows as the air-to-fuel ratio
is increased, when the combustion law is maintained. How-
ever, it drops four points when considering the real combus-
tion law at λ=1.6, reaching a value similar to that observed
at λ=1. This is also observed in the experiments (Fig. 9).
Thus, as the combustion gets longer the maximum pressure,
the combustion efficiency and stability decrease leading to a
non-negligible loss of efficiency. In addition, simulation re-
sults have proved that the 1D-WAM model is a valuable tool
not only for the pre-chambers design process but also to pro-
vide more insight about the experiments while contributing
to the understanding of the complex phenomena linked to
this particular ignition concept.

Figure 14 includes the in-cylinder pressure and HRR traces
for theλ=1.2 tests, where the maximum efficiency is achieved
for each combustion concept considered so far. As expected
from the trends plotted in Fig. 9, the maximum in-cylinder
pressure increases when switching from SI to both TJI con-
cepts. This is a direct consequence of the higher burning rates
achieved by both TJI concepts, as it can be seen in the bot-
tom plot of Fig. 14. In all these tests, the spark timing (ST),
and then the start of combustion, was set when the maxi-
mum average knock intensity (MAPO) exceeds 1 bar (knock
limit established by Kalghatgi et al.[41] and widely used in
the literature).

In addition, there are two important things to highlight in
this figure. The most evident is probably that the start of com-
bustion is almost coincident in all cases while the duration of
combustion changes in the different concepts. Thus, increas-
ing the burning velocity and reducing the combustion dura-
tion, helps to phase the combustion process closer to TDC
where the cycle efficiency is maximized. This fact evinces

Figure 12: HRR profiles used for the simulated λ swept per-
formed in 1D-WAM. Both profiles correspond to the experi-
ments at λ=1 and λ=1.6.
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the suitability of the TJI concept to increase the engine effi-
ciency when knock is the main constraint due to either, the
low knock-resistance of the fuel (gasoline-like fuels with low
RON numbers) or the design of the engine itself (high com-
pression ratio, increased intake boosting, etc.).

However, in those combustion systems in which knock
is not the major limitation, it is not clear which is the key
aspect in the search for higher efficiency. Therefore, deter-
mining the influence of the combustion phasing and/or the
combustion duration on efficiency can mean a step forward
in understanding the concept operation while identifying its
main drawbacks.

In view of this new emerging question, a further analysis
was performed again with the help of the results provided
by the 1D-WAM model. In this case, simulations were run
again with a reference HRR profile (that measured at λ=1
conditions). This reference profile was artificially adjusted
to sweep both the start and the duration of combustion. The
simulations grid resulted in 45 cases: five levels for the com-
bustion duration (from the reference duration to three times
its duration) and nine levels for the start of combustion (from
-10.4 to 10.4 cad).

Results in terms of indicated efficiency are shown in Fig. 15.
Experiments are also included in the figure to compare sim-
ulations and measurements. Empty regions correspond to
those conditions out of the studied range. As the contour plot
shows, the main cause of the efficiency variation is related to
the combustion phasing (CA50) rather than the combustion
duration (CA10-90). While the efficiency can be reduced by
5% when delaying the combustion phasing by 10 cad approx-
imately, the combustion duration only has a negligible effect.
Hence, these results explain why the TJI concept, although
promoting a faster combustion process, is not able to keep
rising the indicated efficiency as the air-to-fuel ratio is in-
creased beyond 1.2. Moreover, they evince a new paradigm
since it may be possible to optimize the combustion phasing
and, therefore, the efficiency in those combustion systems
where knock is the major constraint.

Figure 14: In-cylinder pressure and HRR traces at λ=1.2 con-
ditions for all considered combustion concepts.

Figure 15: Contours of gross indicated efficiency obtained
from 1D-WAM simulations. The included points correspond
to the experiments.

3.4. Towards EGR diluted combustion conditions

As in the prior section, in this second stage of the investi-
gation the effect of the EGR dilution in the engine operation
was analysed in detail. Experimental tests consisted in in-
creasing the EGR rate until the combustion stability becomes
unacceptable using both SI and TJI concepts. The spark tim-
ing was also fixed by the MBT and/or by the knock limit
(MAPO > 1 bar).

In Fig. 16 trends of all relevant engine outputs are in-
cluded. In this case, only results related to SI and pre-chamber
1 were considered due to the lack of performance observed
when operating with pre-chamber 2. In particular, the tol-
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Figure 16: Effect of increasing the EGR ratio over the main
operating parameters and emissions levels.

erance of the this latter pre-chamber to EGR was below 5%.
Therefore, pre-chamber 2 was discarded for this study due
to the narrow operation range observed. In contrast with the
previous study, the TJI concept has the same ignition limit
than the conventional SI. It seems that the turbulence condi-
tions in the pre-chamber do not contribute positively to the
flame propagation progress and there is no appreciable gain
when operating with the TJI concept. Thereby, the EGR limit
is around 20% in both concepts.

One of the most interesting things to analyse there, is not
only to check the tolerance of TJI concept to EGR dilution,
but also to compare it with that observed when diluting the
charge with air. It is quite evident that both concepts are
more sensitive to dilution with EGR than with air, especially
in the case of the TJI concept (pre-chamber 1) which shows
a 40% less of tolerance.

Assuming that the turbulence intensity (u’) and the inte-
gral length scale (lt) do not vary when the dilution rate is
increased, it is possible to obtain how combustion evolves in
the flame regime diagram, also called Borghi-Peters Diagram
[42, 43]. This hypothesis is reasonable since neither the en-
gine hardware nor the engine speed are altered.

Literature review on this regard [44, 45] revealed that
typical flames in conventional SI engines are characterized by
moderate Reynolds numbers (10 < Re < 100) and Karlovitz
numbers close or below 1. Therefore, these flame features
belong to the named corrugated flamelets regime. Accord-
ing to the premixed flames theory [46] the entire reactive-
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Figure 17: Borghi-Peters diagram and trends observed when
increasing the dilution rate with air and EGR.

diffusive flame structure (l f ) is embedded within eddies of
Kolmogorov scale size, thereby the flame structure is modi-
fied by the turbulent field.

In Fig. 17, a Borghi-Peters diagram is presented, high-
lighting the region where conventional SI engines operate.
Moreover, blue and black lines show how the flame features
change as the dilution rate is increased. The reference turbu-
lence parameters u’ and l f , were chosen arbitrary in order to
focus the reference conditions (0% of dilution) inside the SI
operation regime. The corresponding laminar flame features,
laminar flame speed (sL) and flame thickness (l f ), were cal-
culated by the premixed laminar flame-speed model included
in the commercial software CONVERGE [47]. Similar to an
ideal case set-up to measure flame-speed, this code simulates
the 1D flame in a channel with a fixed cross-sectional area at
constant pressure. For this study, four air-diluted cases rang-
ing from 0% to 80% and four additional ones ranged between
0% and 40% for EGR dilutions were calculated. This method
allows to determine, at least in a qualitative way, which is the
path travelled when modifying the dilution conditions.

Figure 17 shows how increasing the dilution rate, either
with air or with EGR, the flame features move towards the
thickened flame regime, where the size of eddies becomes
smaller than the flame thickness. In this way, some eddies
penetrate into the diffusive flame structure, enlarging the
front flame thickness whereas decreasing its laminar speed.
This latter effect can be observed in Fig. 18, in which all com-
puted laminar flame speeds and flame thickness are plotted
against the dilution degree. Nevertheless, it can be also ob-
served in the Borghi-Peters diagram that the effect of EGR di-
lution is more marked since the flame reaches more unstable
regimes (closer to Kaδ=1 where the eddies can even pene-
trate into the reaction flame structure) with lower dilution
rates. This behaviour can be explained by both the laminar
flame speed reduction and the flame thickness enlargement
observed in Fig. 18 when considering EGR to increase the
engine efficiency.
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Figure 18: Computed laminar flame speeds (sL) and flame
thickness (l f ) for air and EGR diluted cases.

Recalling to Fig. 16, though showing similar tolerance to
EGR dilution, the TJI concept allows to increase the indicated
efficiency until the ignition limit whereas the SI concept ex-
periences a significant drop. The origin of these trends can
be explained with the help of the conclusions obtained in the
prior section and data displayed in Table 6.

Focusing on the SI concept, it can be observed how the
increased efficiency when operating at 10% of EGR dilution
is linked with an advanced combustion phasing (from 24.2
to 19.4 cad). Then, the efficiency drops below 40% when
combustion is delayed up to 22.4 cad at 20% of EGR dilu-
tion. Regarding the TJI concept, the combustion phasing is
advanced, or at least maintained, as the EGR dilution rises,
thereby allowing to increase the indicated efficiency progres-
sively with the EGR dilution degree. In all these cases (SI
and TJI), the combustion duration stretches on as the EGR
ratio increases, thus confirming the trends already seen in
the previous section with the results of the 1D-WAM model.

Table 6: Combustion phasing (CA50) and combustion dura-
tion (CA10-90) of all EGR tests.

CA50 [cad]

EGR ratio 0% 10% 20%

Spark-ignition 24.2 19.4 22.4
Pre-chamber 1 10.0 10.4 9.4

CA10-90 [cad]

EGR ratio 0% 10% 20%

Spark-ignition 39.6 42.0 58.2
Pre-chamber 1 20.8 25.2 36.0

Regarding the combustion stability, the TJI concept show
improved values of σIMEP and combustion efficiency. NOx
emissions increase with respect to the SI concept. However,
this is not so critical since the three-way catalyst is able to
operate under these conditions.

Finally, the in-cylinder pressure and HRR traces of tests
performed at 20% of EGR dilution are plotted in Fig. 19 to
check how combustion is changing. Again, the maximum
pressure for the TJI concept is higher than the spark-ignition
concept. The peak of heat release rate becomes higher and
combustion duration decreases.

Figure 19: In-cylinder pressure and HRR at 20% of EGR dilu-
tion.

4. Summary and conclusions

The present research has been focused on the implemen-
tation and evaluation of the Turbulent Jet Ignition concept for
future turbocharged high-compression ratio spark-ignition en-
gines. The final comparison between the results obtained
with the Turbulent Jet Ignition concept against the conven-
tional spark-ignition operation, provides an overview of the
potential benefits and main drawbacks of this particular ig-
nition concept when it is combined with lean burning and
dilution with exhaust gases. Therefore, it represents a step
forward in the understanding of the potential of the passive
Turbulent Jet Ignition concept for improving the thermal effi-
ciency while decreasing pollutant emissions in SI engines for
passenger car applications.

A new fast pre-chamber geometry pre-design methodol-
ogy based on 1D modelling has been fully developed and ex-
perimentally validated. This methodology is original, and the
results obtained after its application are of great quality ac-
cording to the results shown in the paper. The key geomet-
rical parameters of the pre-chamber design have been also
identified using this method. Increasing the exchange surface
between the pre-chamber and the main chamber by enlarging
the diameter of the orifices, favours the filling of the cham-
ber. This lead to an increased ∆p between both chambers
(main and pre-chamber) that enhances the jet features and
therefore the ignition of the main chamber. However, special
attention must be paid when increasing the holes diameter
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excessively due to the loss of fuel mass into the main chamber
caused by the increment of pressure during the pre-chamber
combustion. From the point of view of the pre-chamber vol-
ume, small volumes allow to pressurize the pre-chamber eas-
ily, thereby increasing the ∆p but compromising the amount
of fuel available for the pre-chamber combustion.

The compatibility of this advanced ignition concept with
three of the most promising strategies currently under evalu-
ation in the field of SI engines, increasing compression ratio,
increasing lambda and dilution with EGR is critically eval-
uated. The underlying reasons of the observed trends are
discussed in detail and cause-effect relations are well estab-
lished. In this way, performance of the a priori worse pre-
chamber design (denoted as pre-chamber 2) is lower than
pre-chamber 1 (expected to offer a better performance). There-
fore, the hypothesis provided by the model have been con-
firmed, demonstrating the utility and robustness of the method
for pre-design tasks. In addition, advantage was also taken
from the numerical model to further understand the experi-
mental trends.

Experiments have also shown that a favourable pre-cham-
ber design allows to extend the ignition limit towards higher
air-to fuel ratios. However, it is not possible to achieve λ=2
conditions where the amount the generated nitrogen oxides
are below the limits established by the public institutions.
Further discussion on this regard suggests that this λ con-
straint is a consequence of the laminar flame speed reduction
but it is also aggravated by the residual gases from the pre-
vious cycle that are not evacuated from pre-chamber during
the scavenge.

Furthermore, the Turbulent Jet Ignition concept tends to
reduce the combustion duration by promoting a faster com-
bustion in the main chamber. This allows to optimize the
combustion phasing, therefore improving the indicated effi-
ciency. Both aspects make the Turbulent Jet Ignition con-
cept especially attractive when combined with those strate-
gies that in the search of higher efficiency are very limited by
knock (high compression ratio, intake boosting, etc.). More-
over, the combustion deterioration, fundamentally in terms
of phasing, significantly conditions efficiency levels as the air-
to-fuel ratio increases above 1.2.

It has been shown that the Turbulent Jet Ignition con-
cept is less tolerant to dilution with exhaust gas recircula-
tion than with air. While the maximum air dilution is around
60%, the maximum dilution ratio for exhaust gases is close
to 20%. With the help of numerical methods and assuming
some reasonable hypotheses, it has been qualitatively proven
that the exhaust gases dilution causes combustion to shift to
more unstable regimes in the Borghi-Peters diagram, basi-
cally due to the effect of a decreased laminar flame velocity
and increased flame thickness. Besides, the inherent internal
combustion products present in the pre-chamber increases
the overall burned gases dilution, hampering the spreading
of the exhaust gases dilution range.

In sum, these conclusions highlight the potential advan-
tages and main drawbacks of the Turbulent Jet Ignition con-
cept for the automotive applications. However, some ques-

tions related to the phenomena that occurred within the pre-
chamber remain unsolved. Further efforts should therefore
be taken to further develop the Turbulent Jet Ignition con-
cept though more sophisticated measurement techniques like
Particle Image Velocimetry (PIV) and/or numerical methods
such as Computational Fluid Dynamics (CFD).
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