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Abstract

In view of the increasing restrictions for CO2 mitigation, the evaluation of alternative fuels to ensure sustainability of
transportation is becoming increasingly important. Since some of these alternatives can be refined from renewable sources,
they are interesting from the perspective of both: the use of the current power-plants and the CO2 emission. In this sense,
natural gas arises as an interesting propellant to substitute fossil fuels. Therefore, combining this fuel with specific combustion
strategies can help to decrease the environmental footprint of transportation in the broadest sense. In this paper, an evaluation
of the possible advantages of this combination has been conducted. The investigation has been carried out in a port fueled
turbocharged spark-ignition engine, using compressed natural gas (CNG) and a passive pre-chamber ignition system. The
effects of the CNG fuel properties on combustion have been analyzed and the global impact of using CNG for transportation
has been appraised by means of the life cycle assessment. Results show that combustion of CNG refined by different renewable
sources not only reduces the global CO2 emission but also can contribute to remove the existent pollution. In addition, they
show an increase of the engine thermal efficiency when combining CNG and the pre-chamber ignition concept.
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1. Introduction

Nowadays, one of the most challenging problems that hu-
mans are facing is the global climate change. Temperatures
around the world, specially in the marine biomes [1, 2], are
increasing and their future consequences are still unknown.
This climate change is mainly motivated by the human activ-
ity, being industry, transportation and power generation the
main contributors. The usual work of these activities gener-
ate a series of greenhouse gases (GHG), among them, car-
bon dioxide (CO2) and nitrogen oxides (NOx) and other haz-
ardous pollutants such as particulate matter (PM) [3].

In order to mitigate the effects of this gaseous waste, lead-
ers of many countries have signed agreements to reduce their
emissions (Paris Agreement or Kyoto Protocol). In this way,
future prospects have been performed in different regions,
whereas numerous studies to accomplish the proposed objec-
tives have been carried out [4, 5, 6]. In all these studies, the
global impact of the fuel (or the life cycle of the fuel produc-
tion) utilization is assessed by considering two main contri-
butions: the GHG emission produced as the fuel is consumed
in the vehicle (tank-to-wheel) and also as the fuel travels
from the extraction to the refueling station (well-to-tank).
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One of the most popular solutions to reduce GHG in trans-
portation is the shifting from internal combustion engines
(ICE) to complete electric engines (EV). Although this is a
straightforward solution and the current electric engine tech-
nology allowed this migration, other issues related to the
energy storage should still be addressed. The basic infras-
tructure to recharge batteries is not fully developed in most
places. Therefore, other short-term solutions should be con-
sidered in other to mitigate the overall GHG emission. For
instance, the use of fuels that can be refined from renewable
sources (i.e. compressed natural gas (CNG) [7, 8]) are inter-
esting in terms of both the current ICE technology and the
GHG emission as well.

Previous life cycle assessments (LCA) carried out to quan-
tify the benefit of using natural gas [9] refined by follow-
ing an European mix prospect of different sources [10] (i.e.
landfill gas or food waste), showed that the overall estimated
GHG emission resulting from combustion is clearly reduced
if it is compared to traditional gasoline-based fuels. The or-
ganic waste from human activities can be also recycled and
turned into gaseous fuels to employ them in transportation
power-plants. This contributes to a circular economy [11]
that minimizes the use of resources by creating closed-loops
of processes with an evident benefit for the planet. If this
waste recycling is combined with combustion strategies that
enhance the overall efficiency of the engines (reducing pol-
lutant emissions and the fuel consumption), the benefits of
CNG combustion are even more evident [12].
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One of these strategies is the lean combustion [13], which
consists in diluting the air-fuel mixture, with air and/or re-
circulated exhaust gases (EGR). This increased dilution leads
to a reduced pumping losses [14], a lower heat loss through
the chamber walls and an increase in the specific heat ratio.
In this way, an improved thermal efficiency [15, 16] can be
achieved.

In these conditions, the charge ignition and the combus-
tion stability is compromised [17], thus a source that pro-
vides an increased ignition energy is mandatory to assure the
viability of lean combustion [18, 19]. Several technologies
based on increasing ignition energy deposition have been
developed during the last decade. Among them, the pre-
chamber ignition system, commercially known as Turbulent
Jet Ignition (TJI) [20, 21], seems an interesting solution to
extend the current limits of lean combustion (ignition issues
and combustion stability). The higher burning rates gener-
ated by the TJI concept [22] leads to additional advantages
such as enhanced combustion phasing and combustion sta-
bility (a reduced cycle-to-cycle variability is achieved), that
subsequently improves the engine thermal efficiency [23].
However, the pre-chamber scavenge and the increased heat
transfer at low load/speed engine conditions are some of the
main drawbacks identified to date [24].

There are two different pre-chamber ignition concept ap-
proaches: active and passive (or unscavenged). The mechan-
ical simplicity of the passive system, which has no additional
fuel supply within the pre-chamber, makes its implementa-
tion an interesting solution due to packaging and assembly
costs

The application of natural gas in large engines has been
previously investigated by Mastorakos et al. [25]. Other
authors [26, 27, 28, 29] demonstrated that using CNG fuel
could be an interesting application for stationary engines and
for heavy-duty engines [30, 31, 32, 33]. Therefore, in com-
bination with the TJI concept and other strategies to reduce
pollutant emissions [34], the use of natural gas for automo-
tive applications is an interesting strategy to explore since
the global impact of the energy utilization is reduced by two
fronts: the well-to-tank and also the tank-to-wheel contribu-
tions [35, 36].

The investigation conducted in this paper focuses on in-
creasing thermal efficiency while decreasing, or at least keep-
ing, pollutant emission levels of the future generation of nat-
ural gas SI engines, thereby contributing to decrease the en-
vironmental footprint of the transportation sector.

2. Experimental and numerical setups

2.1. Engine architecture and test cell characteristics

The experimental campaign was developed in a 4-stroke
turbocharged spark-ignition research engine used in previous
investigations [24, 37]. In this case, the engine compression
ratio has increased up to 13.4. The engine specifications and
some geometrical features are presented in Table 1 and Fig. 1
for reference.

Exhaust
portIntake

port

Pre-chamber

Cylinder
(Main chamber)

Pre-chamber
detail

Figure 1: Outline of the pre-chamber and combustion chamber
design including the intake and exhaust ports geometry.

Table 1: Engine specifications.

Engine 4-stroke research SI

Cylinders [-] 1
Bore [mm] 80.0
Stroke [mm] 80.5
Displacement [cm3] 404
Compression ratio (geometric) [-] 13.4:1
Valvetrain [-] DOHC
Number of valves/cylinder [-] 4
Fuel injection system [-] PFI (Pmax = 6 bar)

The test cell layout in which the engine is assembled,
is presented in Figure 2. This installation shares the main
equipment shown in previous works [24, 37]. However, some
modifications related to the fuel injection system were per-
formed to deal with the compressed natural gas properties.
The instantaneous fuel consumption was measured by a BRON-
KHORST F-113AC-M50-AAD-44-V flowmeter. The main fea-
tures of the fuel are summarized in Table 2. The fuel is sup-
plied in the intake manifold 270 mm away from cylinder head
using a PFI gas system to avoid mixture heterogeneities.

Table 2: Main specifications of the fuel.

Type CNG

RON 120
A/Fst 16.72
Lower Heating Value (LHV) 48.931 MJ/kg
Density (15oC) 5 kg/m3

H/C ratio 3.84 mol/mol
O/C ratio 0.0 mol/mol
Oxygen content 0.0 %
Reduced formula (CxHyOz) 1.077 (x) - 4.137 (y) - 0.0 (z)
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Figure 2: Layout of the engine test cell.

2.2. Modeling tools

A numerical tool based on a 1D Wave Action Model (WAM)
is used in this investigation. The original model, which con-
tains the layout of the test bench and the referred engine,
was developed in the author’s previous work [24]. However,
it was improved in this investigation by adding a modal node
temperature layout for the pre-chamber using the existent
functionalities of the 1D simulation software. With this mod-
ification, the model allows an improved prediction of the heat
transferred through the pre-chamber walls. In this sense, the
temporal evolution of the pre-chamber walls temperature is
obtained after an iterative procedure.

Results of both models (the original, defined in [24], and
the improved one) are compared against experiments com-
ing from the test bench in Fig. 3. Although this procedure
was also performed for the two operating conditions (de-
scribed in Table 3), only a validation for medium engine load
(6.8 bar IMEP) and speed (2000 rpm) is shown for simplicity.
As shown in this figure, the new model formulation helps to
better capture the experiment trends. The improved predic-
tion of the pressure difference between both chambers allows
an accurate estimation of the maximum in-cylinder pressure,
providing reliable information for further analysis.

3. Methodology

An experimental campaign was performed to compare
the engine performance and emissions levels of the conven-
tional spark-ignition concept against the two passive pre-chamber
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Figure 3: Validation of the 1D WAM model. Comparison of
in-cylinder pressure profiles.

geometries. The main geometrical characteristics of the pre-
chambers are shown in Table 3 and Fig. 4. Since none of them
have additional fuel supply inside the pre-chamber unit, the
fuel is provided by the compression effect of the piston. The
differences among them are focused on the volume (keep-
ing the internal diameter and modifying its length) and the
number of nozzles. Both pre-chamber designs were specif-
ically optimized for operating with gasoline fuel [24]. As
will be seen below, this fact will have significant effects on
the results. The target IMEP was obtained by sweeping the
spark timing till achieving the MBT at stoichiometric condi-
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tions with no EGR. Once this fuel amount was obtained, it
was maintained for the remaining tests at the same engine
speed and load conditions. For the spark timing sweep tests,
the procedure was the same but 3 to 5 points were measured
advancing and delaying the spark timing in 2 cad intervals
from the MBT.

Table 3: Pre-chamber geometrical parameters.

Pre-chamber PC1 PC2

Normalized volume [-] 1 0.6
Normalized diameter [-] 1 1
Number of holes [-] 6 4

The operating conditions selected to conduct the experi-
mental campaign were specifically chosen to gather the most
critical conditions from the point of view of the pre-chamber
scavenge and filling. The first point investigated has been
widely studied in the author’s previous work [24], and it con-
sists in a combination of medium-to-high engine speed (4500
rpm) and medium-to-high engine load (12.8 bar IMEP) (OP1).
This operating condition compromises the scavenging of the
pre-chamber, being a critical aspect in this kind of ignition
systems. Besides, this engine load causes the appearance of
knock events that should be investigated.

The second point corresponds with the combination of
low engine speed (1350 rpm) and low engine load (2.8 bar
IMEP) (OP2) at cold conditions (oil and water temperatures
at 90ºC). This point is interesting since the fuel amount into
the pre-chamber is limited by the low engine load, and the
operation of the concept itself could be compromised.

After defining the target operating conditions, this research
work follows a logical chronology. Starting from the high
speed/load point and finishing with the low speed/load op-
erating point.

For the highest engine load point, the three ignition sys-
tems (conventional SI and both pre-chamber definitions) were
also evaluated in diluted conditions, by increasing the rela-
tive air-to-fuel ratio (λ) in steps of 0.2 and the EGR rate in
steps of 10%. The limit set for the maximum dilution ratio
was imposed by the combustion stability, with a maximum
stable value of IMEP CoV 10%.

The final stage of the experimental testing plan consisted
in several activities regarding the low engine load operat-
ing condition. For this point, a spark timing sweep was per-
formed initially by increasing EGR dilution level and later by
increasing intake temperature. The purpose of these activi-
ties is to try to increase the exhaust temperature compared to
the conventional spark-ignition concept. Performed activities
are summarized in Table 4, showing the maximum dilution
ratio achieved, for both λ and EGR.

Table 4: Operating settings for the experimental campaign.

OP1 OP2

Engine speed [rpm] 4500 1350
IMEP [bar] 12.8 2.8

λ 1.0 : 0.2 : 1.6 1.0
SI EGR [%] 0 : 10 : 30 0 : 5 : 10

ST [cad] MBT Sweep + Int. Temp.

λ 1.0 : 0.2 : 1.55 1.0
PC1 EGR [%] 0 : 10 : 25 0 : 5 : 10

ST [cad] MBT Sweep + Int. Temp.

λ 1.0 : 0.2 : 1.45 1.0
PC2 EGR [%] 0 : 10 : 22 0

ST [cad] MBT Sweep

4. Results and discussion

4.1. Preliminary fuel study

Despite the fact that natural gas is a promising alterna-
tive to conventional gasoline, it must be kept in mind that
there are some substantial differences between both fuels.
As these differences affect the thermochemical properties of
the mixture, the combustion process can be strongly condi-
tioned, especially in terms of burning rate and knock onset by
the end-gas auto-ignition. Since both phenomena entail intri-
cate turbulence interactions and spatio-temporal thermody-
namic interplays, their assessment is not simple and usually
requires complex and high computational resources. Never-
theless, the analysis of the pure thermochemical properties of
the fuel could shed some light on what we could expect when
changing from conventional gasoline to CNG fuel. In tis way,
more simplistic simulations based on the laminar flame prop-
erties and the chemical auto-ignition can be used.

In order to analyze the impact in the laminar properties
of the flame, a preliminary modeling activity was carried out.
Assuming the same gross IMEP target, the same gross indi-
cated efficiency and controlling the air flow by the intake
pressure, the expected air flow rates for both fuels were cal-
culated. It was considered that regular gasoline has an stoi-
chiometric air-to-fuel ratio (A/Fstoich) of 14.37 whereas CNG
fuel has 16.72. The LHV of the gasoline is 42.793 MJ/kg and
the LHV of the compressed natural gas is 48.931 MJ/kg. The
expected air flow increment necessary to keep the same gross
IMEP operating with compressed natural gas is around 2-3%,
so the pressure should increase in the same range.

Assuming that this increment in the intake pressure is
negligible, the sensibility of both fuels to the laminar flame
speed was calculated by means of a 1D flame speed model
[38]. In this study, the intake temperature, pressure, λ and
EGR were varied. Results of this calculation are presented in
Fig. 5, in which the difference between the laminar flame
speeds of gasoline and natural gas is plotted. The fixed vari-
ables of these graphs were estimated from the experimental
data at the spark time of the first operation point (OP1).

In this figure a positive value indicates that natural gas
flame speed is lower than gasoline flame speed. Results show
how the natural gas laminar flame speed is lower than that
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Figure 4: Sketch of pre-chamber geometries (PC1 and PC2).
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Figure 5: Difference in laminar flame speed for gasoline and
compressed natural gas at different pressure, temperature, λ
and EGR levels.

of the gasoline fuel in all conditions since there are no values
below zero. Examination of the top graph reveals that an
increase in the pressure has small effect in flame speed, while
it is also seen that increasing temperatures tend to rise the
gap between both fuels. Regarding the sensitivity to λ and
EGR, similar trends are observed: an increase in the dilution
ratio reduces the gap between both fuels.

In Fig. 6 the auto-ignition delay (τ) is plotted against tem-
perature and air dilution ratio. The objective is to locate the
most interesting operating condition point studied in gaso-
line [24] and to compare the knock propensity when chang-
ing fuel. A representative combustion duration (CD) without
knock limitation (obtained from the experimental database)
is plotted as a black line, while the high load/speed operation
condition is pointed in the map. Shaded regions correspond

to the situations where the auto-ignition delay does not ex-
ceed the representative CD, that is when knocking combus-
tion could appear. The pressure considered coincides with
the value at which the 50% of the fuel is burned (CA50).
This value should be representative of the average pressure
inside the chamber when end-gas knock appears.

In this figure, the negative temperature coefficient (NTC)
region, which is associated with the primary dissociation of
the iso-octane chains [39, 40], is observed for gasoline whereas
it is not present in the CNG map. In addition to this, the ben-
efits of using CNG are evident when comparing both shaded
regions (gasoline vs. CNG). While the operating range is ex-
tremely narrow in the gasoline fuel map, the auto-ignition
delay increases almost three orders of magnitude if CNG is
used as fuel, thus hindering the knock onset appearance in
most of the simulated conditions. For instance, comparing
the stoichiometric simulation (λ = 1 no EGR) highlighted in
both maps and performed at 860K and 30.86 bar, it can be
seen how τ increases from 0.41 to 100.75 ms.

This notable increment of the auto-ignition delay makes
the concept itself more flexible since a suitable combustion
phasing can be reached without any risk of knock issues.
In addition, since the laminar flame speed of natural gas is
worse compared to the gasoline fuel, parallel actions must
be taken to compensate the burning rate lowering. For ex-
ample, in the hypothetical case that the burning rate could
be maintained between both fuels (by increasing the turbu-
lence contribution), the benefits in knock tolerance should be
evident.

4.2. Life cycle assessment

In order to estimate the global impact on the GHG emis-
sion when switching to compressed natural gas fuel, a life
cycle analysis has been carried out using the GREET soft-
ware developed by Argonne National Laboratories [41]. This
software provides an general outlook of pollutant emissions
generated in the whole production, transportation and com-
pression process of different fuels. The European mix of re-
newable natural gas production [10] is considered being a
combination of food waste (74%), landfill gas (17%) and
waste sludge (9%) processes. The life cycle analysis shown
in Table 5, shows a comparison of the pollutant emissions
between conventional natural gas (NG), natural gas coming
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Figure 6: Auto-ignition delay calculated for gasoline (top) and
compressed natural gas (bottom). Black lines represent the
combustion duration without knock limitation (CD).

from food waste (FW), natural gas coming from landfill gas
recovery (LG), natural gas coming from waste sludge (WS)
and gasoline with 10% of ethanol. The composition of the
natural gas is compatible with a CNG refined from different
renewable sources.

Focusing on the GHG emission, results of the life cycle as-
sessment show a clear reduction when switching from gaso-
line to of natural gas. For instance, comparing gasoline and
conventional natural gas, the overall emission in 100 years
is 2.18E-2 kg/MJ and 1.57E-2 kg/MJ respectively. In addi-
tion, using natural gas refined by renewable sources decrease
the values below zero, which means that GHG present in
the atmosphere are being consumed. In this way, the use
of natural gas coming from renewable sources could con-
tribute to stabilize climate change by removal of CO2 [42]
and other GHG. Thus, the interest of developing new com-
bustion strategies that help to reduce the fuel consumption
when using renewable-based source fuels is clear and they
will enable the future application of these new technologies.

4.3. The passive pre-chamber ignition concept in diluted condi-
tions

As previously reported [24], the TJI concept significantly
improves the gross indicated efficiency at high load/speed
conditions when knocking combustion is the main limitation
to achieve MBT. The improvement of this efficiency is related
to the better combustion phasing as a result of the increased
combustion rate.

Table 5: Life cycle assessment of natural gas and gasoline
E10.

Emissions (kg per MJ of fuel)
Well to Use

NG FW LG WS Petrol E10

CO2 7.88E-3 3.54E-2 -5.51E-2 -5.27E-2 1.78E-2
VOC 1.05E-5 -3.21E-5 -2.61E-5 -1.10E-4 2.80E-5

CO 3.51E-5 -2.40E-5 -3.63E-5 -1.24E-4 1.68E-5
NOx 4.28E-5 -7.82E-6 -9.23E-6 -1.57E-4 3.25E-5

PM10 1.54E-6 -5.02E-6 -4.08E-6 -4.52E-5 3.68E-6
PM2.5 7.69E-7 -4.89E-6 -4.77E-6 -3.06E-5 2.32E-6

SOx 1.49E-5 -6.73E-5 3.80E-6 -1.05E-3 1.48E-5
CH4 2.43E-4 -5.27E-3 3.73E-4 -7.12E-4 1.09E-4
N2O 1.53E-6 -5.77E-6 -1.08E-6 -2.31E-5 2.40E-6

BC 1.72E-7 -3.64E-6 -5.36E-6 -6.66E-6 3.43E-7
POC 2.46E-7 6.06E-7 2.11E-7 -1.74E-6 5.74E-7

GHG-100 1.57E-2 -1.24E-1 -4.43E-2 -8.07E-2 2.18E-2

In Fig. 7, the measured in-cylinder pressure and the esti-
mated rate of heat release profiles for SI and TJI (with both
considered pre-chambers) at stoichiometric conditions are plot-
ted. The averaged cycle is included together with the stan-
dard deviation to account for the cycle-to-cycle variability
(CCV). An increment in the maximum pressure (around 20%)
is observed when switching from spark-ignition to TJI con-
cept. This is caused by the higher heat release rate provided
by the pre-chamber concept. The combustion phasing is also
shifted closer to TDC (i.e. coming from 9 to 5 cad aTDC in the
PC1 configuration). In contrast to what observed when op-
erating with low RON fuels such as gasoline (RON98) [24],
the characteristic rise in the heat release trace during the ex-
pansion stroke due to the end-gas auto-ignition is not ob-
served. In terms of fuel admission inside the pre-chamber,
it is achieved due to the piston compression. Piston motion
forces the air-fuel mixture in the main chamber to enter into
the pre-chamber through the holes.

Examination of Fig. 8 corroborates that knock is not a lim-
iting factor using a compressed natural gas (RON120) fuel,
even in the case of conventional SI. Note that none of the
measured points exceed the knock limit (1 bar). Thus, MBT
conditions can be achieved in any of the combustion concepts
used. In this situation, where the combustion phasing can
be optimized without any relevant restriction, the efficiency
gain between conventional SI and TJI is negligible. This is
in line with the trends observed in previous research works
[24] for lower engine loads.

In Fig. 9, the trends when increasing the air dilution ratio
are presented. The most relevant engine outputs for conven-
tional SI and both TJI pre-chambers are plotted against the λ
value. Results reproduce the well-known trends as the air-to-
fuel ratio is increased. The gross indicated efficiency progres-
sively increases until the maximum dilution level is reached.
In all cases, this point is followed by a sharp drop in efficiency
mostly caused by the substantial increment of the cycle-to-
cycle dispersion. This is clearly reflected in the increase in the
coefficient of variation (COV) of IMEP, but also in the com-
bustion efficiency decline. For example, focusing on PC1, the
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Figure 7: In-cylinder pressure and rate of heat release at stoichiometric conditions with no EGR.
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against the spark timing.

indicated efficiency increases up to λ = 1.5, then drops be-
low the conventional SI values. At this point, the number of
misfiring cycles increase by 80% moving the COV of IMEP to
unacceptable values. The huge increment of unburned hy-
drocarbons and CO in the exhaust is a consequence of the
combustion stability worsening, causing a serious increase of
misfiring cycles that eventually compromises efficiency. This
can be easily seen in Fig. 10 where the in-cylinder pressure
and HRR have been plotted for tests performed at the most

extreme dilution conditions (after the maximum dilution ra-
tio was achieved). The wide region of variability comes from
complete misfiring to reasonable burning rate cycles.

Other relevant aspect observed form trends of Fig. 9, is
the different tolerance to dilution obtained by the two pre-
chambers under consideration. Directly comparing the peak
dilution tests (λ = 1.5 for PC1 and λ = 1.4 for PC2), it can
be observed a similar combustion stability (both efficiency
and cycle-to-cycle variability) in both pre-chamber configura-
tions. Therefore, differences in thermal efficiency are mostly
caused by the improved combustion phasing (CA50) achieved
by PC1. In addition, Since the gap between the maximum
HRR is small, the local flow temperatures should be similar
eventually resulting in comparable levels of NOx.

In order to determine the possible causes for the different
dilution tolerance, the 1D WAM model was employed for sim-
ulating the TJI tests at the maximum dilution ratio. There-
fore, the PC1 design was simulated at 1.55 of λ and the PC2
at 1.45. The idea is to analyze which are the possible causes
of this difference and to approve or refuse them in view of
the measured results and the additional insight provided by
the 1D model.
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Figure 9: Gross indicated efficiency, NOx emissions, combus-
tion efficiency, COV IMEP, combustion phasing and maximum
HRR for air diluted conditions.

Due to the distinct pre-chamber volumes, a possible ex-
planation could be that the energy available for the main
chamber ignition is not enough. Hence, an energy balance
inside the pre-chamber during the ejection process was per-
formed to compare the levels of energy available for igniting
the main chamber.

During the ejection process, the total amount of energy is
fixed by the amount of fuel within the pre-chamber at start
of ejection. Note that the start of ejection may be varied de-
pending on the spark timing used to achieve MBT. Thus, de-
laying the spark timing increases the available energy as the
piston movement increases the mixture mass within the pre-
chamber. This energy can be split in heat loss to the walls
(Qwall), unburned fuel inside the pre-chamber at the end of
ejection process (Unburned), fuel mass loss through orifices
due to the pressure increase (ejection in inert conditions, de-
noted as Inert) and the energy transferred to the jet (here-
inafter refereed to as Energy Available for Ejection, EAE). The
latter is the effective amount of energy available to generate
the hot jet (in reacting conditions) and thus to ignite the main
chamber.

Although all energy losses can be easily estimated us-
ing the 1D model outcomes, there are two main aspects to
be taken into account when analyzing the results. On the
one hand, the 1D model requires a combustion rate profile
in both pre-chamber and main chamber due to the lack of
a predictive combustion model. While the burning rate in
the main chamber was obtained directly from the experi-
ments through combustion diagnosis [43, 44], the combus-

tion rate in the pre-chamber was calibrated to obtain a 99%
of burned fuel at the end of ejection. Thereby, the amount
of unburned fuel inside the pre-chamber at the end of ejec-
tion process (unburned) is low by definition. On the other
hand, the 1D model assumes perfect mixing during combus-
tion. This means that combustion products are being evacu-
ated from the pre-chamber immediately after the combustion
onset, minimizing the ejection of inert mixture (Inert).

More sophisticated numerical methods that consider geo-
metrical effects (3D Computational Fluid Dynamics) revealed
that both hypotheses are not as far as it might seem, espe-
cially considering that the electrodes are located at the top
of the pre-chamber and the holes at the bottom. The small
volume of the pre-chamber ensures that almost all mixture
is consumed once the pressure in the main chamber inverts
the flow among both chambers. Besides the proximity of the
walls and the enhanced turbulence inside the pre-chamber
distort the flame front while directing combustion products
to a given hole by following a preferential path. In this sense,
this process is somewhere in between perfect mixing and per-
fect scavenge. Therefore, assuming perfect mixing could be
considered as the best possible situation, where the amount
of flow ejected in inert conditions is minimum and it allows a
qualitative analysis of the energy share available for igniting
the main chamber.

Results of this study are shown in Table 6. Besides to
the maximum dilution tests using both pre-chambers, stoi-
chiometric tests are also included to quantify the reduction
of available energy due to the spark timing advance as the
dilution ratio increases and, the combustion duration is ex-
tended. The calculated values are normalized by their cor-
responding stoichiometric test. Inspecting these results, it is
possible to verify that ’Unburned’ and ’Inert’ contributions are
negligible due to the hypotheses described above. Moreover,
the heat transfer to the walls (Qwall) is also extremely low
since the surface of the pre-chamber walls is small and the
ejection process finishes in few milliseconds. Thus, the EAE
is practically proportional to the total energy available within
the pre-chamber at the spark timing.

Clear relationships can be found between the energy avail-
able inside the pre-chamber and the inception of the spark.
As the piston pushes the gases into the pre-chamber, the amount
of fuel increases. For instance, the total energy available in-
side PC1 decreases almost 40% when the spark timing is ad-
vanced from -18 (stoichiometric case) to -32 (maximum dilu-
tion case). Since the energy provided by any of both TJI con-
figurations exceeds by far the energy provided by a conven-
tional spark plug (70 mJ), it can be expected that the earlier
ignition issues of passive pre-chamber concept are not due to
the amount of energy available in the pre-chamber.

A second explanation could lie in the jets performance.
Several authors [45, 46, 47, 48, 49, 50] investigated the ef-
fect of the jets features (penetration, entrainment, velocity...)
on combustion. Hence, taking advantage of the 1D WAM
model, a study of the jet dynamics was performed. First, the
in-cylinder and pre-chamber pressure profiles are presented
in Fig. 11 for analyzing the performance of the turbulent jets.
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Figure 10: In-cylinder pressure and heat release rate for the most extreme air dilution ratios measured.

Table 6: Energy balance inside the pre-chamber for PC1 and
PC2 at high load/speed conditions.

EAE Qwall Unburned Inert
∑

PC1 Stoich. 0.918 0.003 0.002 0.077 1.000
Max. λ 0.585 0.002 0.003 0.000 0.590

PC2 Stoich. 0.950 0.005 0.000 0.045 1.000
Max. λ 0.580 0.003 0.002 0.028 0.613

Here, the red profile, registered inside the pre-chamber unit,
shows a secondary bump located around -25 CAD. This pres-
sure perturbation is related to the PC combustion that forces
the ejection of hot gas into the main chamber and its sub-
sequent ignition. As it can be seen, there is no substantial
differences among them and the maximum pressure differ-
ence between both chambers (∆p) is similar. These small
differences are explained by the pre-chambers design itself
(see Fig. 4 and Table 3), since they were designed to keep
the same holes diameter and similar ratio between the to-
tal gas exchange area and the pre-chamber volume (PC1 =
3.9 m-1 and PC2 = 4.4 m-1). As a result, the instantaneous
velocity and mass flow rate trough a given orifice of the pre-

chamber should be also similar. This is confirmed in Fig. 12
in which the temporal evolution of both parameters is plot-
ted for the two PC configurations. The bulk temperature of
the jets is also play a relevant role in the main chamber ig-
nition. However, the variation of bulk temperature between
both chambers is not representative, being around 2000 K in
both cases.

In a conventional SI combustion, the rate of heat release
depends on the flame propagation velocity, the amount of
fuel per unit volume and the flame surface. Considering that
the flame velocity and the density of the charge are similar
at a given λ value (which are in fact reasonable hypotheses
since the thermochemical properties are similar at a given
engine load condition), a higher number of ignition locations
increases the initial flame surface and therefore, higher HRR
should be expected. This principle is being used in other igni-
tion systems such as corona ignition [51], in which multiple
electric arcs initiate the combustion process. The TJI concept
also uses this principle in the main chamber: each turbulent
jet ignites the main chamber charge at a given location, act-
ing as a super-spark.
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Figure 11: Simulation of in-cylinder and pre-chamber pres-
sures profiles for PC1 (λ = 1.55) and PC2 (λ = 1.45).

This trend is clearly observed in Fig. 9, the maximum HRR
at λ= 1 increases with the number of the pre-chamber holes.
Indeed, the ratio among PC1 and PC2 values is around 1.5
which coincides with the ratio of pre-chamber holes (6/4).
Therefore, the relationship should be maintained throughout
the whole dilution range if the root cause of the efficiency
drop was conditioned only by the number of pre-chamber
holes. However, this only happens with relatively low dilu-
tion ratios (from 0 to 40%), coinciding with the range where
cycle-to-cycle dispersion is low. When CCV rises, the relation-
ship is broken, being this cycle-to-cycle variability the main
constraint to maintain, or even improve, efficiency levels at
high dilution ratios (>50%).

It is therefore reasonable to conclude that the pre-chamber
design is key aspect when optimizing the TJI concept for a
particular condition of λ value. The internal fluid dynam-
ics pattern of the pre-chamber must be smoothed to reduce
the turbulence variability in the spark plug region, thereby
decreasing CCV.

Recalling the trends observed in Fig. 9, it is also observed
that the improvement in efficiency tends to be higher with
the pre-chamber concept, especially with the PC1 configu-
ration. As the bottom graphs of Fig. 9 show, this gain can
be explained by the shortening of the combustion duration
rather than by the combustion phasing. It should be noted
that all test were performed at iso-fuel conditions thus, the
higher maximum HRR, the shorter combustion. Lastly, NOx
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Figure 12: Velocity and mass flow rate profiles for for PC1 (λ
= 1.55) and PC2 (λ = 1.45).

emissions increase due to the increment of combustion rate
and higher local temperatures achieved by the TJI combus-
tion.

The other attractive strategy to improve efficiency while
controlling NOx emissions with the TWC, is the EGR dilu-
tion. The effects of increasing the the residual gas fraction
in the intake are drawn in Fig. 13. Trends are very similar
to those observed in the previous study. Both pre-chambers
show competitive values of efficiency until the dilution limit
is reached, then, an abrupt drop is accompanied by a wors-
ening of the combustion stability. Again, this sharp decline
is a consequence of the considerable increase of misfiring cy-
cles. However, the tolerance to dilution with EGR is lower
than with air. If we compare the maximum dilution ratio of
PC1, it is around 55% when diluting with air (see Fig. 9) but
around 15% when using EGR (see Fig. 13). This suggests
that the optimum pre-chamber design for operating with air
dilution, may not be adequate for the EGR-diluted operation.

In contrast to what we observed when increasing the air-
to-fuel ratio, this strategy (a combination of TJI and EGR di-
lution) is not able to improve the efficiency levels achieved
by the conventional SI. Regarding pollutant emissions, NOx
levels decreases with the increment of the dilution ratio. Nev-
ertheless, differences between all concepts are less apparent.

To end the study of the dilution impact, the last step is to
contrast the measured trends using CNG and gasoline fuel.
This is particularly interesting since the pre-chambers con-

10



34.0

36.0

38.0

40.0

42.0

In
d

ic
at

ed
 e

ff
. g

ro
ss

 [
%

]

SI
PC1
PC2

0.0

2.0

4.0

6.0

8.0

10.0

IS
N

O
x

[g
/k

W
h

i] SI
PC1
PC2

88.0

90.0

92.0

94.0

96.0

98.0

C
o

m
b

u
st

io
n

 e
ff

. [
%

]

SI
PC1
PC2

0.0

5.0

10.0

15.0

20.0

25.0
C

O
V

 IM
E

P
 [

%
] SI

PC1
PC2

0 10 20 30

EGR [%]

0.0

10.0

20.0

30.0

C
A

50
 [

ca
d

]

SI
PC1
PC2

0 10 20 30

EGR [%]

20.0

40.0

60.0

80.0

100.0

M
ax

. H
R

R
[J

/c
ad

]

SI
PC1
PC2

Figure 13: Gross indicated efficiency, NOx emissions, combus-
tion efficiency, COV IMEP, combustion phasing and maximum
HRR for EGR diluted conditions.

figuration was originally developed to operate with gasoline
fuel. Results published in [24] show that the maximum dilu-
tion ratio is 60% with air and 20% with EGR for the same PC1
configuration and gasoline fuel. In both cases, the tolerance
to dilution has been reduced 5%, evincing that fuel proper-
ties are also determinant in the pre-chamber design optimiza-
tion. Thus, the uniformity of the flow field (local velocity
fluctuations) and the turbulence length must be adapted to
the physical and chemical properties of the fuel.

4.4. Operation at low engine load and speed conditions

The experimental campaign was concluded with a spark
timing swept at low engine speed and load conditions. Gen-
eral trends of these tests are shown in Fig. 14. Particularly,
the gross indicated efficiency, NOx emissions, exhaust tem-
perature, combustion stability, phasing and velocity were se-
lected to display the strengths and weaknesses of the con-
cept. The indicated efficiency gap between conventional SI
and TJI is significantly larger. The characteristic combustion
shortening of TJI leads to a higher relative heat loss that no-
tably compromises the efficiency levels at this engine speed.

The combustion stability progressively decreases as the
combustion is moved towards the expansion stroke in the
conventional SI concept whereas it is suddenly compromised
at a given ST in the pre-chamber ignition concept. This be-
havior is specifically critical in the PC2 configuration, where

the effective operating range is extremely narrow and two
crank angle degree of ST variation entails almost 2% of effi-
ciency loss.
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Figure 14: Gross indicated efficiency, NOx emissions, exhaust
temperature, COV IMEP, combustion phasing and combustion
velocity for the spark timing swept.

As in the previous section, the energy balance inside the
pre-chamber is performed to dig into the root cause of the
limited operating range of the PC2 configuration. Results
presented in Table 7 show a comparison between PC1 and
PC2 of the energy available within the PC and its distribu-
tion. Here, results are normalized by the values of PC1 test.
The available energy for the jets generation is considerably
higher for PC1 than for PC2 (≈70%), mainly due to the differ-
ence in volume. As PC1 is larger, it is capable to store higher
amount of fuel during the pre-chamber filling, leading to an
increased potential to generate suitable jets. Therefore, the
lack of performance shown by the PC2 configuration can be
partially explained by the low capability to store energy and
use it properly to ignite the main chamber.

Table 7: Energy balance inside the pre-chamber for PC1 and
PC2 at low load/speed conditions.

EAE Qwall Unburned Inert
∑

PC1 0.714 0.003 0.010 0.273 1.000
PC2 0.408 0.003 0.007 0.172 0.590

In view of the relevance of the energy available inside
the pre-chamber, the energy balance inside the pre-chamber
for the two operating points considered so far is presented
in Table 8. In this table, the energy values are normalized
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to the PC1 test of each operating condition. It can be seen
that the difference in the pre-chamber volume affects the EAE
in PC2 at any operating condition, reducing its potential to
generate suitable reacting jets. Furthermore, the loss of fuel
mass in inert conditions decreases with engine speed since
the duration of the ejection process is reduced.

In order to provide a complete overview of the energy
share trends, the results obtained for the same study are nor-
malized to the available energy in the PC1 at OP1 test and
presented in Table 9. Results show a clear relationship be-
tween the engine load and the energy available for igniting
the main chamber (EAE). This energy decreases drastically
at low load conditions (OP2), specially in the PC2 configura-
tion. PC1 configuration is able to maintain a suitable energy
share in all operating conditions, assuring a stable operation
over the whole operating range. By contrast, PC2 fails to
maintain reasonable values of EAE share at low load condi-
tions.

Table 8: Energy balance inside the pre-chamber for PC1 and
PC2 of the two operating points.

EAE Qwall Unburned Inert
∑

OP1 PC1 0.918 0.003 0.002 0.077 1.000
PC2 0.491 0.003 0.000 0.023 0.517

OP2 PC1 0.714 0.003 0.010 0.273 1.000
PC2 0.408 0.003 0.007 0.172 0.590

Table 9: Energy balance inside the pre-chamber for PC1 and
PC2 of the two operating points.

EAE Qwall Unburned Inert
∑

PC1 OP1 0.918 0.003 0.002 0.077 1.000
OP2 0.271 0.001 0.004 0.103 0.379

PC2 OP1 0.491 0.003 0.000 0.023 0.517
OP2 0.155 0.001 0.003 0.066 0.225

4.4.1. Compatibility with aftertreatment strategies

Based on the previous knowledge [52], there are two
potential solutions to increase the flow temperature at the
exhaust tailpipe. The addition of EGR has the effect of in-
creasing the combustion duration, which turns into a higher
exhaust temperature as the combustion process extends to-
wards the Exhaust Valves Opening (EVO). The second at-
tempt consisted of increasing the intake temperature in order
to rise the global trapped gas temperature along the closed
cycle and, subsequently, the temperature at the exhaust pipe.

Therefore, the next step in the experimental campaign
was to perform different EGR dilution and intake tempera-
ture sweeps at low load/speed conditions. Since the suitable
operation of PC2 is compromised even at non-diluted condi-
tions, it was deemed necessary to exclude this pre-chamber
design for the upcoming tests.

The effect of adding EGR is presented in Fig. 15. In this
study, conventional SI and TJI PC1 configurations have been
tested, increasing the EGR dilution at 5% and 10% while
sweeping the spark timing until the measurements were com-
promised by the combustion instability. Results show an in-
crement of the exhaust temperature as the dilution ratio is
increased for both SI and TJI concepts. Despite the effective
ST range is still very constrained when operating with the TJI
concept, the impact of the EGR on the exhaust temperature
is higher. Note that the gap between blue (TJI) lines is larger
than black ones (SI). In both cases, combustion is shifted to-
wards the expansion stroke with the increment of the EGR
rate, increasing the in-cylinder temperature at EVO. Thereby,
the exhaust temperature increases 50ºC when switching from
non-diluted conditions to 10% of EGR rate.

The interest of this strategy lies in the efficiency trends ob-
served. Increasing the EGR rate reduces the pumping losses,
thereby maintaining the gross indicated efficiency at compet-
itive values even with a extreme delayed combustion (CA50
> 30 cad). Since the use of EGR does not penalize the fuel
consumption, it appears as a very interesting strategy to in-
crease the exhaust temperature and to activate the TWC. Nev-
ertheless, it is true that the exhaust temperatures attainable
with the TJI concept are not comparable with those achieved
by the conventional SI concept (50ºC of difference) due to
the limited ST timing range.
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Figure 15: Comparison of gross indicated efficiency, exhaust
temperature, COV IMEP and combustion phasing and for the
spark timing and EGR dilution swept.

Results of the second potential strategy are shown in Fig. 16.
Here, the intake temperature was increased from 30ºC to
70ºC in both considered SI and TJI configurations. Trends
are similar to those observed in the previous study, increasing
the flow temperature helps to slightly rise the exhaust tem-
perature but the narrow ST timing range limits its maximum
attainable value. On the contrary, the increase of the pump-
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ing losses results in a significant efficiency loss that makes
this strategy less attractive from the point of view of fuel con-
sumption.
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Figure 16: Comparison of gross indicated efficiency, exhaust
temperature, COV IMEP and combustion phasing and for the
spark timing and increased intake temperature swept.

5. Summary and conclusions

The potential advantages of using natural gas in automo-
tive power-plants have been evaluated. In particular, the pas-
sive pre-chamber ignition concept fueled by compressed nat-
ural gas has been studied in a turbo-charged high-compression
ratio spark-ignition engine. The main conclusions of the study
are summarized here:

• Combustion of compressed natural gas refined by dif-
ferent renewable sources not only reduces the global
GHG emission but also may contribute to remove the
existent pollution. The life cycle of this fuel is signifi-
cantly lower that traditional gasoline-based fuels even
considering the worst strategy for production, trans-
portation and compression.

• This technology does not allow to extend the maximum
dilution limit beyond the limits achieved by conven-
tional SI combustion. This is mainly due two reasons:
the low laminar flame speed of the compressed natural
gas and the internal fluid dynamics of the pre-chamber.

• The TJI concept is more tolerant to air dilution. The
maximum air dilution ratio archived with this configu-
ration is close to 50% while it is around 15% for resid-
ual exhaust gases, being clearly insufficient to avoid the
use of the TWC to fulfill the current and future emis-
sion levels established by public institutions.

• The combustion phasing can be moved freely to reach
MBT conditions without any remarkable restriction since
thermochemical properties of natural gas prevent knock-
ing combustion. In these conditions the gains in effi-
ciency are negligible when switching from SI to TJI.

• The operation at low load and engine speed seems to
be the main constraint of this ignition system. The in-
creased heat loss due to the shorter combustion pro-
cess worsens the efficiency levels. This efficiency loss
is around 5% if it is compared with the conventional SI
combustion. Besides, decreasing the pre-chamber vol-
ume can make this situation even worse. In addition,
the TJI concept show notably lower flow temperature
at the exhaust manifold hindering the activation of the
three-way catalyst.

• Although a substantial increment of exhaust temper-
ature (around 50ºC) has been found when increasing
the EGR rate up to 10%, the deterioration of the com-
bustion stability impedes to reach the values measured
with conventional SI combustion. Increasing the intake
flow temperature only showed a marginal improvement
of the exhaust temperature with a significant efficiency
loss.

• Other side issues, such as those related to the different
air-to-fuel ratio and LHV, are also relevant especially
when contrasting the impact of different fuels in the
same power-plant. Nevertheless, the improved knock
resistance reveal a room for efficiency improvements.

After the analysis of the results, a clear room for improve-
ment can be observed. New paths to explore the concept
capabilities in the search of a fully sustainable global trans-
port can be easily identified. For example, combining this
engine platform with a increased compression ratio and/or
other combustion strategies based on dual fuel blends (i.e.
CNG + H2) could open a new way to find higher thermal
efficiency, while decreasing the tank-to-wheel emissions.
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Nomenclature

A/Fst Air-to-fuel stoichiometric ratio −
AID Auto-ignition delay ms
BC Black carbon kg/MJ
CA50 Crank angle at which combustion reaches 50% cad
CCV Cycle to cycle variability −
CFD Computational fluid dynamics −
CH4 Methane kg/MJ
CNG Compressed natural gas −
CO Carbon monoxide kg/MJ
CO2 Carbon dioxide kg/MJ
COV Coefficient of variation %
CD Combustion duration cad
∆p Difference between pre and main chamber pressure bar
DOHC Double-overhead camshaft −
EAE Energy available for ejection J
EGR External gases recirculation %
EV Electric vehicle −
EVO Exhaust valves opening cad
FSN Filter smoke number −
FW Food waste −
GHG Green house gases kg/MJ
HRR Heat release rate J/cad
ICE Internal combustion engine −
IMEP Indicated mean effective pressure bar
λ Air-to-fuel ratio −
LCA Life cycle analysis −
LG Landfill gas −
LHV Lower heating value MJ/kg
MAPO Maximum amplitude pressure oscillation bar
MBT Maximum brake torque −
N2O Nitrous oxide kg/MJ
NG Natural gas −
NOx Nitrogen oxides kg/MJ
NTC Negative temperature coefficient −
O2 Oxigen kg/MJ
OP Operating point −
PC Pre-chamber −
PFI Port fuel injection −
PM Particulate matter kg/MJ
POC Pollutants of concern kg/MJ
RON Research octane number −
SI Spark ignition −
SOE Start of ejection −
SOx Sulfur oxides kg/MJ
ST Spark timing cad
τ Auto-ignition delay time ms
TDC Top dead center −
TJI Turbulent jet ignition −
TWC Three-way catalyst −
VOC Volatil organic pound kg/MJ
WAM Wave action model −
WS Waste sludge kg/MJ
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