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Abstract

Passive pre-chamber ignition concept has been proven to be an excellent strategy to increase the
ignition energy and enhance the combustion velocity even when spark-ignition engines are operating in
diluted conditions. Other benefits of this system are the increased combustion stability and combustion
efficiency, reducing hydrocarbons and carbon monoxide emissions. However, these advantages are
limited at some operation conditions such as low engine load or diluted conditions since both the
energy available in the pre-chamber and the scavenge of combustion products are compromised. In
this framework, numerical studies using two different computational tools, based on one-dimensional
modeling, are utilized to gain knowledge about the governing parameters and to improve the design of
a pre-chamber when the engine operates at these restrictive conditions. In particular, the impact of the
pre-chamber volume, the total cross sectional area of the holes and tangential angle of the nozzles has
been numerically evaluated. Different pre-chamber designs were proposed and experimentally tested
in a single-cylinder, high compression ratio turbocharged spark-ignition engine fueled with compressed
natural gas and operating on Miller cycle. Results give valuable insight into the key aspects of the
internal geometry and some relevant design paths to follow for a suitable pre-chamber definition.
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1. Introduction

Nowadays, the global levels of greenhouse gas emissions (GHG) are higher than even before. Some
authors like Davis et al. [1] or Malik et al. [2] warned about the increase of the carbon dioxide (CO,)
emission, its contribution to the climate change [3] and the threat that it supposes [4]. Road transport,
being one of the main contributors, forced automotive companies to increase their efforts in reducing
CO, emissions. Since this component is an intrinsic product of hydrocarbons combustion, increasing the
engine thermal efficiency helps to reduce the carbon footprint of the transportation fleet. In addition to
this strategy, the use of compressed natural gas (CNG) as fuel is being evaluated due to its low carbon
content (CH,4) and subsequent benefits in CO, emission.

In this framework, increasing efficiency at part-load conditions in spark-ignition (SI) engines is one
of the most challenging ways to positively contribute to this global issue. While this strategy simplifies
the engine control, the increased pumping loses strongly compromise the overall engine efficiency [5].

In the past, multiple SI engine configurations and combustion strategies have been evaluated for
increasing the engine thermal efficiency. For instance, one strategy to increase the thermal efficiency
at part-loads is a combination of downsizing and turbocharging [6]. Downsizing consists in reducing
the engine displacement, relocating the operation point to a more efficient region in the engine map,
while the global performance is kept or even increased by the improved boost conditions [7].

This combination of strategies is also compatible with exhaust gases dilution (EGR) [8]. In EGR-
diluted combustions, the fuel consumption is reduced due to the lower heat losses through the walls
[9], the lower pumping losses [10] and the increase in the specific heat ratio [11]. However, the main
drawback of this strategy is the higher cycle-to-cycle variability (CCV) that can be reduced by increasing
the ignition energy deposition [12, 13, 14]. Among a new set of technologies that are able to increase
the ignition energy and reduce combustion dispersion, Turbulent Jet Ignition (TJI) [15] has been proved
to be an attractive solution.

This ignition concept has been widely studied by several authors, showing clear advantages in terms
of thermal efficiency that suggest a possible implementation to production engines. Attard et al. investi-
gated the main effects of this ignition concept [16, 17, 18, 19]. Visualizations of the flame development
were shown by Gentz et al. [20, 21]. Biswas et al. [22, 23, 24], Shah et al. [25] and Thelen et al. [26]
studied the effects of pre-chamber (PC) volume and orifice diameter on the performance of combustion.

Allison et al. [27] investigated how affects the pre-chamber efficiency to the jet dynamics, while Bunce
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et al. [28] studied the role of pre-chamber geometry on the jet physics. Mastorakos et al. [29] focused
on the fundamentals of jet ignition, demonstrating that this ignition concept could be an interesting
solution for different applications such as heavy-duty [30] and stationary engines [31, 32].

Using a passive pre-chamber ignition system, the authors observed relevant efficiency gains when
operating at high load conditions with high knock restrictions [33]. Since there is no additional fuel
supply inside a passive pre-chamber, the energy available for the main chamber ignition cannot be
directly controlled by the fuel injection [34, 35]. In addition, the large amount of combustion products
remained inside the pre-chamber after the scavenge aggravate this situation. This results in a poor
combustion process that compromises the performance of the hot jets. At low engine loads, the lack of
fuel mass inside the pre-chamber becomes a serious constraint that affects the overall performance of
the engine, since the ejection process is extremely compromised [36].

In order to fix these issues, other authors [ 36] analyzed the effect of the internal geometry of the pre-
chamber on combustion. For instance, the fuel mass at the start of PC combustion could be increased
by modifying the pre-chamber volume, thus raising the energy available to be transferred to the hot
jets. The impact of the nozzles orientation has been also evaluated by numerical simulations in [37].
This parameter controls the swirling flow movement inside the pre-chamber, conditioning its scavenge
and the combustion stability. All these modifications must be compatible with high levels of external
EGR operating though the whole operating load range.

The present paper frames in the context of increasing thermal efficiency, to indirectly reduce CO,
emission, of the next generation of SI engines using a passive pre-chamber ignition system fueled by
CNG. The main target of this investigation is therefore focused on identifying relationships between
the pre-chamber design and its impact on the engine efficiency. For this purpose, a new numerical
methodology based on one-dimensional modeling is proposed and validated using engine experiments
performed in a test bench. Since the relevance of the internal pre-chamber geometry has not been
extensively investigated in the literature, this work will contribute to understand in detail the impact

of the new proposed designs and to optimize this combustion concept in its broadest sense.
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2. Tools and methodology

2.1. Experimental tools

An experimental campaign was conducted in a turbocharged SI engine to calibrate the numerical
models and to validate the numerical methodology. A baseline pre-chamber geometry, designed for
operating with gasoline fuel [38], was firstly used as reference. Geometric details of the reference

design are shown in Table 1.

Table 1: Main specifications of the baseline pre-chamber.

Pre-chamber 1

(PC1)
Volume [mm?] 600
Hole diameter [mm] 0.7
Hole area [mm?] 2.3
Number of holes [-] 6
Hole tangential angle [degrees] 7.5

Using CNG fuel, a series of tests were carried out at part-load conditions to compare the performance
of each pre-chamber definition. The first operating point (OP1) combined low engine speed (1350 rpm)
and low engine load (2.8 bar IMEP). The second point (OP2) mixed medium-to-high engine speed (4500
rpm) and medium-to-high engine load (12.8 bar IMEP). In both operating conditions, the baseline pre-
chamber and the proposed designs were contrasted against the conventional spark ignition system.

In addition, two parametric studies were performed to compare the performance of the new pre-
chamber definitions. The impact of the spark timing was analyzed by advancing or delaying it 2-cad
steps from the maximum brake torque (MBT) point. And, the effect of EGR dilution was studied from
zero to the maximum dilution limit in steps of 5%. In both cases, tests were performed until the
combustion stability was extremely compromised or the thermo-mechanical limits of the engine were
reached. These activities are summarized in Table 2 which shows the maximum EGR dilution ratio
achieved and the limit values of spark timings (ST) for each concept and/or pre-chamber definition.

For safety reasons, the spark timing sweep of PClc has only three tested points since a critical

cycle-to-cycle variability was observed in the whole operating range.
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Table 2: Operating settings for the experimental campaign.

OP1 OP2
Engine speed [rpm] 1350 4500
IMEP [bar] 2.8 12.8
SI ST [cad] 32:4:-8  MBT
EGR [%] 0 0:5:23
PC1 ST [cad] 30:2:-18 MBT
EGR [%] 0 0:5:13
PC2 ST [cad] 32:2:-16 MBT
EGR [%] 0 0:5:15
PClb ST [cad] 30:2:-18 MBT
EGR [%] 0 0:5:9
PClc ST [cad] 42,-14,-8  MBT
EGR [%] 0 0:5:10

To obtain the target gross IMEP in the engine, the spark timing was swept operating with a con-
ventional spark ignition system until reaching the MBT conditions, and then, the injected fuel mass
was adjusted keeping stoichiometric conditions without EGR dilution. When this quantity of fuel was
obtained, it was kept constant for all tests, including both pre-chamber and conventional SI, at the same

engine speed and load conditions.

2.1.1. Engine architecture

The engine is a single-cylinder turbocharged spark ignition engine that will be found in the market
in a near future in its multi-cylinder version. The main specifications of the engine can be found in
Table 3. This base of the engine architecture is the same used in a previous author’s work [33]. The
cylinder head has four valves with double-overhead camshafts for improving the cylinder scavenging
and filling. The Gasoline Direct Injection (GDI) fuel supply system was replaced by a Port Fuel Injection
(PFI) system, assembled at the intake manifold to assure the homogeneity of the mixture. The valve
overlap was removed to minimize short-circuit losses. The engine operates under Miller cycle in order
to reduce the pumping losses. The compression ratio has been increased up to 15.4 to take advantage

of the Miller functioning cycle.
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Table 3: Main specifications of the engine.

Engine 4-stroke SI
Number of cylinders [-] 1
Displacement [cm?®] 404

Bore — Stroke [mm] 80.0 - 80.5

Compression ratio (geometric) [-] 15.4:1

Valvetrain [-] DOHC
Number of valves/cylinder [-] 2 intake and 2 exhaust
Fuel injection system [-] PFI (P, = 6 bar)

Regarding the integration of the TJI system, the conventional spark plug and the pre-chamber body
share the same housing in the cylinder head in order to facilitate the exchange between conventional

and turbulent jet ignition. In Fig. 1 a sketch of the cylinder and ports is presented.

2.1.2. Test cell facility

The engine was assembled in a fully instrumented test cell as in the sketch of Fig. 2. To provide the
compressed air necessary to simulate boost conditions an external compressor is employed. The exhaust
backpressure is controlled by means of a throttle valve located in the exhaust line after the exhaust
settling. The arbitrary levels of cooled EGR are provided by a low pressure EGR system assembled in
the experimental facility. This system is able to provide the desired EGR level even when operating at
high intake boost pressure.

Air-to-fuel ratio inside the main chamber was measured by a lambda sensor placed at the exhaust,
and also by the exhaust analyzer HORIBA MEXA 7100 DEGR. This device also measures the EGR rate.
While the average air-to-fuel ratio was calculated by dividing the fresh air mass flow rate by the injected
fuel mass flow rate, removing the portion of air in the EGR. Some piezo-resistive sensors were employed
to measure the instantaneous intake and exhaust pressure, while the in-cylinder pressure was measured
with a piezoelectric sensor. These high frequency signals were sampled with a resolution of 0.2 cad.

Oil and water temperatures and pressures were controlled and monitored during all experimental
campaign by an AVL 577 conditioner totally independent from the engine. The fuel consumption of
the engine was monitored with a BRONKHORST F-113AC-M50-AAD-44-V flowmeter. Full details about
this facility are provided in [33].
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Figure 1: Sketch of the engine design including the passive pre-chamber spatial positioning in the cylinder
head.

Tests were carried out using a calibrated compressed gas natural (CNG) fuel with a Research Octane
Number of 120 (RON120). The characteristics of the fuel are given in Table. 4.

The most relevant global parameters related to the combustion process, such as the indicated gross
mean effective pressure (IMEP), start of combustion (SoC), combustion phasing (CA50), combustion
duration (CA10-90), maximum cylinder pressure, pressure gradient, combustion stability, heat release
rate (HRR) and cylinder mean gas temperature were calculated from the cylinder pressure signal by an

in-house 0D combustion diagnostics software [39, 40].
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Table 4: Main specifications of the fuel.

Type CNG RON120

H/C ratio [mol/mol] 3.84 mol/mol

0O/C ratio [mol/mol] 0.0 mol/mol

A/Fg [-] 16.72

Lower Heating Value (LHV) [MJ/kg] 48.931

Density (15°C) [kg/m?] 5

Reduced formula (C,H,0,) 1.077 (x) - 4.137 () - 0.0 (2)

2.2. Modeling tools

The main target of the modeling activities was to design a passive pre-chamber suitable for operating
at a wide range of conditions. Using a combination of 1D wave action and 1D jet models, to minimize
the computational costs, the jet characteristics are studied and optimized by modifying some relevant
parameters of the internal pre-chamber design: pre-chamber volume and total holes area.

The operating points described in the previous section were specifically selected to deal with the
most extreme conditions observed in the bench. Low load/speed conditions (OP1) seem to be the main
constraint of the concept since the small amount of fuel inside the pre-chamber not only reduces the
available energy to ignite the main chamber mixture but also compromises a suitable temperature in
the exhaust tailpipe to activate the three-way catalyst. On the other hand, the pre-chamber scavenging
and filling are extremely compromised at high engine speeds (OP2).

During a first stage, numerical simulations were performed to evaluate the impact of the geometrical
parameters of the pre-chamber (volume and hole total area) on the hot jets performance. In this sense,
a 1D wave action model of the complete test bench facility was used to estimate the characteristics of
the flow at the holes outlet. Then, with these data, a 1D jet model was utilized to compute the hot jet
features inside the main combustion chamber. The optimization target is based on the principle that
improved jet features (e.g. high penetration) results in an enhanced combustion process due to a larger
initial surface of the flame.

After the models validation, a design of experiments (DOE) was outlined to explore different ge-
ometrical configurations and combustion profiles in the pre-chamber. The matrix of simulations is
presented in Table 5. Two different set of simulations were carried out in order to clarify the effect

of the pre-chamber geometry and the combustion law (through the start of combustion and the com-

9
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bustion duration) on the jet features. In the first set, the volume is increased from 400 to 1000 mm?3
in steps of 50 mm?3, while the holes diameter, and thus, the total holes area is increased from 0.4 to
1.6 mm in steps of 0.1 mm. In this study, the parameters of combustion within the pre-chamber were
kept constant, with a start of pre-chamber combustion (SoCpc) of -16 degrees ATDC and a combustion
duration of 12 cad. Regarding the second set of calculations, the start of combustion is increased from
-20 to -10 degrees ATDC in steps of 1 degree, while the combustion duration is increased from 8 to 20
degrees in steps of 1 degree. Here, the pre-chamber volume and holes diameter were kept constant at

600 mm?® and 0.7 mm, respectively.

Table 5: Summary of the simulations performed.

Min. value Max. value # levels

DOE1 Volume [mm?] 400 1000 13
Hole diameter [mm] 0.4 1.6 13
SoCp¢ [cad ATDC] -16 -16 1
Comb. duration [cad] 12 12 1

DOE 2  Volume [mm?] 600 600 1
Hole diameter [mm] 0.7 0.7 1
SoCpe [cad ATDC] -20 -10 11
Comb. duration [cad] 8 20 13

2.2.1. 1D wave action model

The complete test facility was modeled using a 1D wave action software which includes both the
experimental facility and the single-cylinder engine. This model was used in the author’s previous work
[38] with few changes in the configuration to speed up the calculation time. In this way, the intake
and the exhaust lines from the original model were removed and only the pre and main chambers were
kept for the calculation of the jet momentum, mass flow rate through the orifices and fuel mass at start
of combustion.

This model was calibrated using both conditions described above (OP1 and OP2). Results of this
procedure are presented in Fig. 3 in which the pressure profiles obtained by modeling are compared
with the experiments. As it can be seen, the model accurately reproduces the pressure trend during the

whole closed-cycle in both operating conditions. These results are in line with those reported in [38].

10
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Figure 3: Comparison of experimental and simulated in-cylinder pressure profiles for both operating engine

loads.

Besides this qualitative validation, additional parameters related to combustion were compared in
Table 6. Both combustion parameters, CA50 and CA10-90, are also show a good agreement between
experiments and simulations. Finally, due to the relevance of the engine efficiency as an indirect esti-
mation of the emitted CO,, the indicated efficiency gross is also included in the analysis. Again, results
are encouraging since the gap among simulations and experiments is around 0.2% in both operating

conditions. Therefore, these results confirm the suitability of the model for performing further studies.

Table 6: Validation of combustion related parameters.

Experiment Model

CA50 [cad] 17.8 18.1
OP1 CA10-90 [cad] 35.4 34.7
Indicated eff. gross [%] 35.9 36.1
CA50 [cad] 5.4 5.2
OP2  CA10-90 [cad] 33.2 33.3
Indicated eff. gross [%] 44.3 44.5

11
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2.2.2.1D jet model

A 1D in-house jet model [41, 42, 43, 44] used to estimate the hot jet characteristics during the
pre-chamber ejection. The conservation equations are solved in terms of on-axis variables assuming
self-similar radial profiles for the fuel mass fraction and velocity. The inputs of the model are the jet
momentum flux and the mass flow rate at the nozzle exit, allowing to consider the instantaneous density
inside the main chamber instead of a static value.

In this case, and due to the lack of an optical access in the engine, the jet model was validated
by a computational fluid dynamics (CFD) model validated in [36, 45] over a wide range of operating
conditions. The CFD model accounts for all local thermo-dynamic properties of the flow through a
complete engine cycle, including the combustion-turbulence interaction. With this target in mind, the
hot jet penetration can be estimated by both models by different processing methods. Results of this
procedure can be found in Fig. 4, in which the instantaneous penetration of a single jet is shown. As it
can be seen, the jet model provides comparable results in both operating conditions.

40

——CFD

T N
é 30 1D Jet model
5 gE-—
® 20
°
c
o
2 10
w | s Low engine load
S ———— High engine load
0
0 0.2 0.4 0.6 0.8

Time [ms]

Figure 4: Comparison of 1D jet and CFD models results. The jet penetration for two different operating

points are contrasted.

3. Results

3.1. Understanding the role of the jet momentum

Since jet momentum is directly related to the ability of the jet to advance from the discharge hole
through the main combustion chamber and eventually initiating combustion in multiple locations, it

can be considered as one of the key parameters to control the jet features.

12
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The evolution of the AP among the high engine load and the low engine load cases is presented in
Fig. 5, this pressure difference between pre and main chamber mostly drives the evolution of the jet
momentum. The AP evolution can be divided into four different stages: filling, ejection, backflow re-
filling and emptying. The first stage is dominated by the compression stroke, which forces the mixture
to enter into the pre-chamber. The second stage corresponds to the ejection process, here, combustion
starts inside the pre-chamber, and the consequent pressure increase forces the jets to enter into the
main chamber. During the third stage, combustion occurs in the main chamber, increasing the pressure
and forcing again a pre-chamber filling however, during this period, the pre-chamber is mostly filled by

residual gases. Finally, the exhaust stroke dominates the fourth stage, emptying the pre-chamber.

30
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©
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—
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Crankangle [cad]

Figure 5: Profile of AP between pre and main chambers for the high engine load case and the low engine

load case.

Results of the jet momentum profiles for the high and low load cases, including the fuel mass avail-
able in the pre-chamber at the start of combustion, are shown in Fig. 6. As it can be seen, jet momentum
is strongly affected by the available fuel mass inside the pre-chamber at the start of combustion. The
high load case profile is clearly higher than the low load case, being up to 7 times higher at the ejection

peak (2"

stage).
These results confirm that an increment of the fuel mass inside the pre-chamber will turn into
higher jet momentum and a better sweeping of the main chamber. Following with the this hypothesis,

one solution to increase this parameter is directly modifying the pre-chamber volume.

13
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Figure 6: Profile of the jet momentum for the high load case and the low load case and mass fuel available

inside the pre-chamber at start of ejection.

In this way, a study with the 1D wave action model has been carried out to evaluate the impact
of the PC volume and the total holes area. The start of combustion and combustion duration of the
pre-chamber have been fixed at the reference values (start at -16 cad ATDC and duration 12 cad), while
the total hole cross sectional area and the pre-chamber volume were swept from 0.75 mm? to 12.0
mm?, and from 400 mm?® to 1000 mm?3, respectively. Figure 7 summarizes the outcomes of this study,
showing the results of the maximum jet momentum peak as these two parameters are changed.

A clear trend towards increasing the maximum jet momentum peak when modifying the pre-chamber
volume is observed if the holes cross sectional area is kept constant. This is mainly caused by the in-
creased fuel mass at the start of pre-chamber combustion (fuel mass for the reference volume is 0.10
mg, while for a 950 mm? volume is 0.17 mg). As the fuel mass is higher, the total energy available to
transfer to the jets increases, moving the jet momentum value peak towards higher levels (there is an
increase from 0.068 N to 0.104 N). Regarding the cross sectional area, an optimum value can be found
if the pre-chamber volume is fixed. For a small volume, the pressure drop is high and the amount of fuel
within the pre-chamber is compromised. On the contrary, if the volume of the pre-chamber is too large,
combustion is not able to progress quickly enough to increase the pre-chamber pressure, affecting the
ejection process negatively.

Furthermore, the effect of the operating condition on the jet momentum was also studied. In Fig. 8,
the effect of the variation of pre-chamber volume and total hole cross sectional area is presented for

the high load condition (OP2). In this study, the pre-chamber combustion parameters and pre-chamber

14
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Figure 7: Maximum jet momentum peak map for PC1 at low engine load conditions (OP1), considering the

same pre-chamber combustion characteristics (starting and duration timings).

geometric parameters are the same as those of low engine load study to isolate the effects of the engine
load. Results show similar trends as for the low engine load case. However, the maximum jet momen-
tum peak values are around ten times higher compared to low load levels. Therefore, the geometric

requirements for a given pre-chamber are less restrictive at high loads than at low loads.
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Figure 8: Maximum jet momentum peak map for PC1 at high engine load conditions (OP2), considering the

same pre-chamber combustion characteristics (starting and duration timings)

In view of these results, a new pre-chamber geometry was selected (PC2), being a compromise
solution in between of the two operating conditions. This new pre-chamber is intended to increase
the jets surface for igniting the main chamber in both loads, which will turn into a better combustion
process and a greater performance.

Since the 1D wave action model does not include a predictive combustion model, an additional
modeling study was performed to quantify the impact of the combustion law inside the pre-chamber.

In this way, the pre-chamber combustion onset was varied between (-20 cad aTDC and -10 cad aTDC),

15
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while the combustion duration was modified between 8 cad and 20 cad, being representative ranges
of the real engine operation. In this study, the pre-chamber volume and the cross sectional area of the
holes were kept constant to the PC1 reference values to isolate the effect of the combustion.

Figure 9 presents the results of this numerical study, showing two clear trends. Regarding the
combustion duration, the maximum AP between the chambers and, subsequently, the maximum jet
momentum increase as combustion rates increase. These results confirm how the most favorable situa-
tion for the pre-chamber ignition concept is established by an instantaneous combustion. The onset of
combustion shows a similar trend. Since the amount of fuel inside the pre-chamber increases as com-
bustion is delayed towards TDC due to extra-filling caused by the piston compression, the maximum
jet momentum peak significantly increases; the effect is similar than that of increasing the pre-chamber

volume.
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Figure 9: Maximum jet momentum peak map for PC1 for reference and best case at low engine load condi-

tions (OP1), considering the same the pre-chamber volume and the total holes area.

To clearly identify the benefits of a higher pre-chamber energy release, Fig. 10 shows the heat release
rate in the pre-chamber and the resulting jet momentum for both, the PC1 reference combustion and
the best PC1 combustion. It is shown how a faster combustion turns into a sharper jet momentum

profile that improves the overall performance of jets.

3.2. The effect of the jet momentum on jet penetration

The next step in the investigation was to understand how the jet momentum profile affects the
jet penetration. Therefore, a study which combines both 1D models was carried out. As described in

previous sections, the 1D jet model estimates the transient penetration of a free jet using the diameter

16
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Figure 10: Rate of heat release and jet momentum flux of PC1 for both reference and best case at low engine

load conditions (OP1), considering the same the pre-chamber volume and the total holes area.

of the nozzle hole, the effective ejection velocity profile (obtained from the momentum and the mass
flow rate profiles) and the donwstream thermodynamic conditions in the main combustion chamber.
From this outcome, the model calculates the time it takes for the jet to reach the cylinder wall (t*).
The jet penetrations generated by PC1 and PC2 are plotted in Fig. 11. The distance to the farthest
cylinder wall is included with a black dashed line for reference. It can be seen how increasing the jet
momentum (PC2) results in a faster jet penetration. This fact reduces the time needed to reach the
cylinder walls, producing larger reaction surfaces for igniting the main chamber in less time. There-
fore, this parameter (t*) is a clear indicator of the performance of the pre-chamber, being a suitable

benchmark for characterizing its operation.
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Figure 11: Map of t* for PC1 at high engine load conditions, considering the same pre-chamber combustion

characteristics (starting and duration timings).
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In Fig. 12, results of the full study are presented for the low engine load case (OP1). The pre-
chamber volume and the hole cross sectional area were swept between the same ranges used in the
previous section: pre-chamber volume varies from 400 to 1000 mm® and hole cross sectional from

0.75 to 12.0 mm?).
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Figure 12: Map of t* for PC1 at low engine load conditions (OP1), considering the same pre-chamber com-

bustion characteristics (starting and duration timings).

As results show, both maps analyzed so far, the maximum jet momentum peak and the t*, are some
how related to each other. This fact gives consistency to the numerical methodology and it highlights
coherence among both models. The bigger the pre-chamber volume, the higher the jet momentum
peak and the lower the time to reach the cylinder wall. Again, the new pre-chamber (PC2) is in a more
favorable region compared to the original (PC1) pre-chamber. However, these conclusions are only
valid if the combustion process inside the pre-chamber is similar in any of the pre-chamber definitions.
As showed in the previous study, the resulting t* will change accordingly, if the combustion process is
remarkably different.

The same analysis was performed at the high engine load conditions. Results of this study are pre-
sented in Fig. 13. It is important to highlight that the t* values are clearly decreased (from 1.5 ms to
0.5 ms approx.), making larger the optimum area compared to the low engine load case. However, al-
though increasing the pre-chamber volume has positive results in both operating conditions, the impact
of the holes area is different. While the optimum region for a 1000 mm?® PC is around 2 mm? at low

engine load, it increases up to 6 mm? at high engine loads.
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Figure 13: Map of t* for PC1 at high engine load conditions (OP2), considering the same pre-chamber

combustion characteristics (starting and duration timings).

3.3. Experimental evaluation of pre-chambers

Experimental activities related to the final validation of the methodology are divided into two main
studies. In the first one, the proposed pre-chamber design (PC2) was manufactured and experimentally
tested on the engine to evaluate impact of increasing the pre-chamber volume while keeping a suitable
total hole area. The second study is focused on further analyzing the effect of the pre-chamber geometry
on the concept performance. In particular, the impact of an additional geometric parameter, the nozzles
orientation or indirectly the internal swirl level of the PC, is studied. In both studies, the two operating
conditions considered so far are considered. Besides, the spark timing was swept using the OP1 and

the effect of EGR dilution was analyzed using OP2.

3.3.1. Impact of the pre-chamber geometry

The main specifications of pre-chambers studied in this section are presented in Table 7. The spark
timing sweep was made in steps of 2 cad for the pre-chambers and 4 cad for the spark ignition, full
details about these experimental activities can be found in Table 2.

Figure 14 compares some relevant engine outputs against the spark timing for the three ignition
systems (note that the conventional SI system is included for reference) operating at low engine load
and speed (OP1).

As it can be seen, the maximum rate of heat release (HRR) is increased when considering a larger
pre-chamber volume (PC2). This increase in the combustion velocity also coincides on an enhanced
combustion phasing (CA50). As the burning rate for the smaller pre-chamber (PC1) is lower, the com-

bustion phasing is moved towards the expansion stroke, far from both the conventional spark system
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Table 7: Main specifications of PC1 and PC2.

Pre-chamber 1 Pre-chamber 2

(PC1) (PC2)
Volume [mm?®] 600 950
Hole area [mm?] 2.3 3.8
Number of holes [-] 6 6
o\'? 40.0 60.0
ry — —o—sl
@ 9 —aA—PC
£ 350 = —a—
5 35. o 400 PC2
: w
5 =
B 300 —O0—SI > 20.
£ —&— PC1 g 200
o ——o— PC2 o
T
2 250 0.0 ©=0—0—0—0—0—0
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Spark timing [cad] Spark timing [cad]

Figure 14: Trends of gross indicated efficiency, combustion stability, maximum heat release rate and com-

bustion phasing for the pre-chamber geometry study at low engine load and speed conditions (OP1).

(SI) and the PC2. Due to these facts, PC2 exhibit higher levels of gross indicated efficiency in the whole
operating range. However, these efficiency levels are still far from those obtained by the conventional SI
system. The observed trends validate again the numerical methodology, since the increment of available
energy inside the pre-chamber helps to improve the overall performance of the concept.

Regarding the combustion stability, quantified by the covariance of the IMEB both pre-chambers are
more unstable than conventional SI system. In general, the pre-chambers COV IMEP is higher through
the whole spark timing sweep whereas effective operating range is notably reduced (10 cad for both

PCs and almost complete flexibility for conventional SI).
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The next step in the experimental activities was to evaluate the tolerance to external EGR dilution at
high engine speeds and loads. In this case, the EGR level was swept in steps of 5% until the combustion
stability was extremely compromised (reaching covariance values over 20%). As in the previous figure,
the gross indicated efficiency, combustion stability, maximum heat release rate and combustion phasing
against the EGR dilution rate are shown in Fig. 15.

Results show that larger pre-chamber volumes are able to slightly extend the maximum dilution
limit. Note that the drop observed in the gross indicated efficiency occurs at a higher dilution levels
for PC2. The levels of maximum HRR are higher for PC2, even at high dilution ratios. The combustion
phasing oscillates between 5 and 10 CAD aTDC when combustion stability is maintained at acceptable
values (well below 5% of COV IMEP). The increase of this instability affects the gross indicated effi-
ciency, as observed in the previous operating point (OP1). Nevertheless, the efficiency levels are similar

or slightly better for both pre-chambers when combustion stability is maintained.
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Figure 15: Trends of gross indicated efficiency, combustion stability, maximum heat release rate and com-

bustion phasing as the EGR level is modified at high engine load and speed conditions (OP2).

3.3.2. Impact of the nozzles orientation

The effect of the holes orientation was experimentally evaluated due to the models limitation. A
new set of pre-chambers were manufactured with different tangential angles. Their specifications are
shown in Table 8. Again, the same methodology described in Table 2, and followed in the previous

sections, is used here for sweeping both the spark timing and the EGR dilution level.
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Table 8: Main specifications of the new set of pre-chambers.

Pre-chamber 1

(PC1) (PC1b) (PClo)

Volume [mm?®] 600 600 600
Hole diameter [mm] 0.7 0.7 0.7
Number of holes [-] 6 6 6
Nozzles tangential angle [degrees] 7.5 12.5 0
322 In Fig. 16 experimental results of this study operating at OP1 are presented following the same

323 representation used in the previous studies.
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Figure 16: Effect of the nozzles orientation in terms of gross indicated efficiency, combustion stability, max-
imum heat release rate and combustion phasing as the spark timing is modified at low engine load and

speed conditions (OP1).

324 As this figure shows, there are three different levels of combustion stability that corresponds with
325 the three levels of tangential angles. The pre-chamber performance is scaled with their respective
326 combustion stability. When increasing the tangential angle of the pre-chamber nozzles, the swirl level
327 inside the pre-chamber increases, stabilizing the combustion process. The combustion phasing and
328 the burning rate are also related to the combustion stability. While the maximum combustion velocity

329  increases with a more stable design, its combustion phasing is moved towards TDC.
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The PC1b definition is the most stable among all pre-chambers, whereas PC1c has only three mea-
sured points due to the extremely high variability experienced during experiments. Indeed, PC1b op-
erates at same level as the conventional SI, at least until the characteristic drop of combustion stability
appears in the pre-chamber case. The extremely high dispersion shown by PClc strongly conditioned
the results, however, it seems that the combustion phasing is excessively shifted towards the expansion
stroke.

Next, the performance of this new set of pre-chambers were evaluated under EGR diluted conditions
when operating at high engine load and speed (OP2). Results of experiments are presented in Fig. 17.

In this case, the reference pre-chamber (PC1) shows the maximum dilution limit, while the two new
pre-chambers are not able to operate at the same dilution level with comparable stability levels. The
indicated efficiency of this pre-chamber is higher than the other two, being the improved combustion
speed and phasing the main reasons. Therefore, while increasing the swirl level helps to stabilize

combustion at non diluted conditions, the tolerance to external EGR is established by an optimum

value.
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Figure 17: Effect of the nozzles orientation in terms of gross indicated efficiency, combustion stability, maxi-
mum heat release rate and combustion phasing as the EGR level is modified at high engine load and speed

conditions (OP2).
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4, Discussion

Numerical results showed how large pre-cambers boost the maximum jet momentum as long as
the total area of the holes is compatible with the pre-chamber volume. In addition, while a faster
combustion results in a higher jet momentum flux, phasing the PC combustion close the TDC helps to
increase the energy available for igniting the main chamber. In this sense, a faster combustion inside
the pre-chamber favors the overall performance of the concept, as it has been also proven by Attard et
al. [15, 46] and Shah et al. [25].

Moreover, the jet penetration depends on the ability of the pre-chamber to transfer this energy to
the jets. A higher jet momentum will turn into a deeper jet penetration into the main chamber, reducing
the time to reach the cylinder walls while increasing the reacting surface for igniting it. These results
agree with the work performed by Thelen et al. [47]. However, results shown that a well-designed pre-
chamber working optimally at a given specific condition will not operate properly in another one. This
confirms that the geometric pre-chamber requirements are strongly related to the operating condition,
making difficult to find an optimum design for the whole engine map.

Experimental activities confirmed that, larger pre-chamber volumes help to increase the operating
range at low engine load and speed conditions and increase the maximum EGR dilution level at high
engine load and speed conditions. However, results also show that it is mandatory to improve the com-
bustion stability for achieving further levels of tolerance to external EGR. Similar conclusions regarding
the combustion stability when increasing dilution are provided in the literature by Vedula et al. [48],
Slefarski et al. [49] or Jamrozik et al. [32] among many others. The efficiency gap between both
combustion systems is a consequence of the increased heat loss due to the combustion shortening and
the combustion stability worsening [36].

The efficiency results reported in Figs. 14 and 16, suggest that a proper combination of pre-chamber
size and tangential angle of the nozzle holes could be the right path for the concept optimization,
allowing significant improvements of combustion stability at low load and speed conditions. In addition,
such combination does not have to be an advantage in terms of external EGR tolerance. As shown
in Figs.15 and 17, there is no clear relationship between the internal pre-chamber swirl level and the
maximum EGR dilution limit. Since the maximum EGR tolerance depends on the pre-chamber scavenge
and filling processes, the residuals stratification inside the pre-chamber should play a relevant role

in the combustion process. Thus, an increased swirl level can negatively affect to the internal pre-
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chamber scavenge modifying the effective EGR dilution level close to the spark plug electrodes [45].
This represents a important issue in the current pre-chamber configurations since the spark plug is
located at the top of the pre-chamber body where most of the residual gas is accumulated. Nevertheless,
there exists an optimum angle that maximizes the EGR tolerance, leading to a slight improvement in
combustion stability while keeping competitive efficiency levels. However, this improvement will not
be enough to reach the dilution limit achieved by the conventional spark ignition system.

In light of these results, the passive pre-chamber ignition system can not be completely optimized by
only considering the three geometrical parameters used in this investigation. Thus, new technological
solutions, such as advanced internal geometries and/or improved igniter features, should be explored
and deeply evaluated.

An alternative to the rigidity of the passive pre-chamber, the active concept, with a dedicated fuel
supply system inside the pre-chamber, is probably more adaptive to optimize the concept in the whole
engine map. This concept not only allows to control the reactivity of the pre-chamber charge indepen-
dently of the main chamber, but also helps to sweep the residual gas and to stratify the mixture in the

region of spark electrodes, with the surrounding leaner mixture.

5. Summary and conclusions

The passive pre-chamber ignition concept has been numerically and experimentally evaluated at
two different operating condition points in a turbo-charged high-compression ratio Miller-cycle engine.
Results focused on identifying relationships between the pre-chamber design and its impact on the
engine efficiency, contributing to optimizing the concept in its broadest sense.

The numerical methodology that combines 1D wave action and 1D jet modeling has proven to be
a valuable tool to analyze the performance of the jets while reducing computing costs. In addition, a
key parameter, named t*, that allow comparing different pre-chamber definitions at distinct operating
points has been proposed.

Results of these simulations show that larger pre-chamber volumes increase the performance of the
jets as long as the total hole area is properly set. Since the energy available inside the pre-chamber

at the start of combustion is higher due to the increased pre-chamber volume, the performance of the
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concept increases at both operating conditions studied. It has been also proven that increasing the
maximum rate of heat release in the pre-chamber will result into a higher jet momentum flux even if
the fuel mass inside the PC is kept constant.

The system requirements strongly depends on the operating condition. Therefore, there is not a
proper combination of pre-chamber volume and holes area that optimizes the performance of the con-
cept in the whole operation map. In this way, the target operation is a critical aspect in the design process
and it is strongly reliant on the specific application (conventional ICE application, range-extender, etc.).

Experimental results confirmed the trends observed in the simulations, thus validating the numerical
methodology for the pre-chamber design. Indeed, the proposed pre-camber definition increases the
gross indicated efficiency in the whole studied range.

Results also showed that the combustion stability is scaled with the internal swirl level of the pre-
chamber. When tangential angle is increased the combustion instability is notably reduced, achieving
similar levels than those observed in the conventional spark ignition system. On the contrary, the com-
bustion stability is extremely compromised when considering completely radial holes with no tangential
angle.

Finally, a trade-off trend between the pre-chamber swirl level and the external EGR tolerance has
been identified. Although an increased swirl level helps to stabilize combustion, it affects negatively

the pre-chamber scavenge, resulting in a lower EGR tolerance.
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