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ABSTRACT

Significant efforts are under way to develop innovative ignition systems for spark-ignition engines used in transportation. Within this context,
passive pre-chamber technology has emerged as a promising alternative for passenger cars. However, several uncertainties remain regarding
the operation of this concept at low engine loads and speeds, as well as the impact of specific design features on combustion stability.
Previous investigations have indicated that the tangential angle of the pre-chamber holes can play a vital role in stabilizing the combustion
process. Nonetheless, the underlying thermo-physical phenomena responsible for these results have not yet been thoroughly studied. To
address these knowledge gaps, this paper presents a numerical study using a computational fluid dynamics model that has been validated
with experimental results. An alternative modeling methodology was developed to conduct multi-cycle large-eddy simulations and investigate
two different pre-chamber configurations, one with tangential holes and the other with radial holes. The results revealed an intriguing corre-
lation between the combustion stability and the spatial distribution of the flame inside the pre-chamber. The cycle-to-cycle dispersion of pre-
chamber flow variables was significantly higher when using radial holes compared to tangential holes, potentially explaining the unstable
behavior of the former design. Additionally, the undesirable flow-field of the radial-hole pre-chamber caused the flame to evolve asymmetri-
cally, resulting in substantial variations in the ejected jets. This asymmetry can significantly affect the morphology of the main chamber igni-
tion in each cycle.
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I. INTRODUCTION

Over the past years, the irruption of electric vehicles in the auto-
motive market as clean and affordable transportation options has
increased the demand for engine manufacturers to develop alternative
solutions for reducing the environmental impact of current internal
combustion engines (ICEs)." Projections made by international organi-
zations toward the upcoming decades show that by 2050 most means
of energy production are still expected to be fossil fuel dependent;”
therefore, the society may be facing a considerable hike in the genera-
tion of greenhouse gases only attributed to this increasing energy
demand.

Considering that the transportation sector accounts for over 25%
of the carbon dioxide (CO,) emissions in the European Union™" and
that these emissions are mainly produced in road transportation by
heavy-duty and light-duty or passenger car vehicles,” there is an urgent
need to improve the propulsive systems of these vehicles to reduce
their carbon footprint. In this context, spark ignition (SI) engines have

been leading the automotive market over the last couple of decades,
with approximately 67% of the total vehicles sold in the European
Union in 2022 integrating this type of engines.” Nevertheless, SI
engines have important limitations in terms of thermal efficiency com-
pared to equivalent compression ignition (CI) engines, mainly due to
knocking issues, an abnormal combustion phenomenon that compro-
mises the mechanical integrity of the cylinder and prevents the use of
high compression ratios.””

One of the most promising solutions for increasing the efficiency
and reducing the emissions of future SI engines is the integration of
enhanced combustion strategies and advanced ignition concepts.””
Among the different ignition systems that are available, the pre-
chamber ignition concept has been gaining a lot of interest in recent
years.'" ' This technology has been evolving since the 1920s as a strat-
egy to increase the burn rates and prevent the appearance of engine
knock.'* Currently, the pre-chamber system has been implemented in
applications such as high-power stationary powerplants, marine
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engines, and Formula 1; 7" however, its implementation in SI engines

for passenger car applications is still under development.

This ignition strategy places the standard spark plug inside a con-
fined volume called a “pre-chamber,” which is connected to the com-
bustion chamber (main chamber) through one or several holes
manufactured at the bottom of the pre-chamber. As combustion pro-
gresses within the pre-chamber, the pressure in this region rises and a
series of hot gaseous jets are ejected through the holes into the main
chamber, igniting the charge with a larger flame surface at multiple
locations.'® The jets distribute burned products as they sweep the main
chamber volume, generating uniform and dispersed ignition,'” acceler-
ating the burn rates, mitigating knocking combustion,”’ and enabling
to burn lean mixtures.”'

Most real-world pre-chamber applications implement this tech-
nology through an active approach that requires the assembly of a ded-
icated injection system inside the pre-chamber to control its
equivalence ratio independently from that available in the main cham-
ber.”>** However, the additional expenses of duplicating the injection
system compromises its integration in SI engines for passenger car
applications, in which costs are critical and can determine the success
or failure of this ignition strategy. Therefore, a different alternative is
to use a passive system, where the pre-chamber fills only due to the
piston compression, facilitating its integration into the current versions
of many commercial engines, since the pre-chamber can be mounted
directly into the conventional spark plug housing.”"*’

Nevertheless, since the passive approach loses one degree of free-
dom by not being able to control the air-to-fuel equivalence ratio
inside the pre-chamber, the thermo-fluid-dynamic processes inside
this region become of critical importance. Thus, it is necessary to
design the pre-chamber geometry in a way that allows a suitable scav-
enge and favorable flow conditions to be generated for optimizing the
combustion process. Furthermore, despite many research works have
been devoted to analyze the effects of basic pre-chamber geometry fea-
tures such as hole diameter and volume,”®*” there is still an important
knowledge gap regarding the effects of more advanced geometrical
parameters such as the internal pre-chamber design and the configura-
tion of the holes (orientation, disposition, etc.).

One of the major hurdles that has hindered the integration of the
passive pre-chamber system into commercial passenger car engines is
related to the characteristic small size of the pre-chamber, which limits
the correct operation of this concept in certain regions of the engine
map. Previous studies performed by Benajes et al.”**’ revealed that
using the passive pre-chamber allows to gain 3% points of efficiency
compared to the standard spark plug when operating under knock
limited conditions (i.e., high engine load/speed conditions). However,
several investigations have shown important limitations under condi-
tions where the combustion process is compromised due to the low
amount of fuel (part-loads) or the worsened thermo-fluid-dynamic
properties of the mixture (low engine speed).” A recurrent issue found
in the literature is the inability to delay the combustion process toward
the expansion stroke when operating in idle or cold-start conditions,”’
where a sharp increase in the cycle-to-cycle variability (CCV) is
observed as the spark timing is pushed toward the top dead center
(TDC), destabilizing the engine operation and compromising the effi-
ciency levels.”” Moreover, a previous research by Novella et al.”” also
showed that using a pre-chamber with completely radial holes gener-
ates very high levels of CCV when operating at low load/speed

ARTICLE pubs.aip.org/aip/pof

conditions, which is an important design limitation that is yet to be
analyzed in depth.

To study complex phenomena such as combustion and CCV in
SI engines, computational fluid dynamics (CFD) models using large-
eddy simulations (LES) have proven to be an accurate approach.”
Therefore, this research work focuses on developing an innovative
multi-cycle LES modeling methodology for studying the CCV of pre-
chambers with tangential and radial holes operating at low load/speed
conditions in a light-duty SI engine. The methodology aims to over-
come the usual limitations regarding computational resources for per-
forming LES. This novel investigation will improve the knowledge of
the passive pre-chamber ignition system, particularly the operation in
one of the most critical points of the engine map and the effects of hole
orientation over the combustion stability of a given pre-chamber
design, providing relevant contributions to the current state-of-the-art.

Il. RESEARCH TOOLS AND METHODOLOGY

To address the knowledge gaps of the passive pre-chamber con-
cept that were highlighted in Sec. [, a combination of experimental and
numerical tools was used. This research starts by presenting the issues
found in an experimental campaign carried out by the authors, related
to the performance of a particular pre-chamber design at low load/
speed conditions. Thereafter, a CFD model, validated with the experi-
mental results, is used to explore the root causes of these issues follow-
ing a clever methodology for performing multi-cycle combustion
simulations.

A. Experimental framework

The experimental environment is made up of a single-cylinder 4-
stroke turbocharged SI engine, representative of those currently found
in passenger cars, and a fully equipped test bench designed to operate
this type of engines. The most relevant features of this powertrain
include the combination of a low cylinder displacement (404 cm®) and
a high compression ratio (13.4:1), a port fuel injection (PFI) system to
ensure a well-mixed air/fuel blend to enter the cylinder, two sets of
intake/exhaust valves with double-overhead camshafts, and a small
housing on the cylinder head for an M12 spark plug with the passive
pre-chamber integrated. Table T shows a summary of these features.

The test cell incorporated several measurement devices and
instrumentation for monitoring the most relevant parameters during
the engine operation, including piezoelectric and piezoresistive sensors
to obtain the instantaneous pressure signals in the cylinder and the
intake/exhaust ports, a liquid fuel supply system for a RON95 (95
research octane number) calibrated gasoline that included an AVL

TABLE I. 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) (-) 13.4:1

Valvetrain (-)
Number of valves/cylinder (-)
Fuel injection system (-)

DOHC
2 intake and 2 exhaust
PFI (Pmax = 6 bar)
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TABLE II. Main properties of the fuel.

pubs.aip.org/aip/pof

TABLE IV. Operating conditions used in the experiments.

Type Gasoline RON95 Parameter Value
H/C ratio (mol/mol) 1.761 Engine speed (rpm) 1350
Stoichiometric A/F (-) 14.374 IMEP (bar) 2.8
Lower heating value (LHV) (M]/kg) 42.493 Injected fuel (mg/cc) 8.4
Density (15 °C) (kg/m?) 843.8 7(=) 1
Reduced formula (CH,0,) 7.594 (x) - 13.376 (y) - 0.0 (z) EGR rate (%) 0
MBT spark timing (CAD BTDC) 20
Intake pressure (bar) 0.39
PC1c Exhaust pressure (bar) 1.01
Coolant and oil temperature (K) 300

Tangential

angle Radial holes

FIG. 1. Schematic of the hole layout for PC1 and PC1c.

733S fuel mass meter and an AVL 753 conditioning system to regulate
the fuel temperature, and a HORIBA MEXA 7100 DEGR exhaust ana-
lyzer for monitoring the air-to-fuel ratio inside the main chamber. The
main properties of the fuel are presented in Table II, while the full
details of the experimental facilities can be found in several investiga-
tions published in the literature.”**”

Figure 1 shows a sketch of the tested pre-chambers with their
main geometrical features summarized in Table III. Moreover, a combi-
nation of low engine load and speed, representative of idle or cold-start
conditions, was selected as the operating point for the experimental
activities with the details presented in Table TV. As stated in the intro-
duction, several investigations have reported issues when operating
with passive pre-chambers under these conditions, highlighting the

TABLE lll. Geometrical parameters of the tested pre-chambers.

1D PC1 PClc
Volume (mm?) 600 600
Number of holes 6 6
Hole diameter (mm) 0.7 0.7
Tangential angle (°) 12.5 0

importance of analyzing the performance of different pre-chamber
designs in this operating point. In particular, the purpose of this cam-
paign was to study the effects of using a tangential angle in the layout
of the holes (PC1) against using completely radial holes (PClc).

A spark timing sweep was performed for each pre-chamber
design, and the results in terms of indicated efficiency and combustion
stability are shown in Fig. 2. These trends were also observed during a
previous research carried out by the authors’” for an engine operating
with compressed natural gas (CNG). As it can be seen in Fig. 2, PCI is
able to keep a suitable combustion stability with COV IMEP levels
below 3% for a wide range of spark timings, until a sudden spike after
—10 CAD (referenced to TDC). On the other hand, PClc is not
achievable a stable combustion regardless of the spark timing. This
raises an interesting question: What effects does the swirl motion
induced by the tangential holes have on combustion stability? Thus, to
address this question, a CFD model of the engine was used.

B. CFD model setup

The CFD model was implemented in the commercial code
CONVERGE,”” a CFD software based on the finite volume method
and widely adopted in the ICE community due to its capacity to simu-
late moving boundaries and the integrated adaptive mesh refinement
(AMR) tool, that allows the computational mesh to be scaled at run-
time to improve the resolution of relevant physical and thermody-
namic properties of the flow. The full details and configuration of the
model can be found in previous investigations performed by the
authors.””* In this section, only the most relevant model settings and
modifications made for this paper will be described.

The mesh discretization was done by the cut-cell Cartesian
method available in the CFD code with careful refinements applied to
the different regions and boundaries of the domain. Particularly, the
pre-chamber cells were reduced down to 0.0625 mm at critical regions
like the spark plug gap and the holes, while the AMR algorithm also
scaled the mesh down to 0.0625 mm based on the velocity and temper-
ature sub-grid scales of 1 m/s and 2.5K, respectively, to improve the
resolution of the flame and the accelerated flow coming from the holes.
A summary of the mesh details and strategies is presented in Table V.

To determine which turbulence model should be used in a CFD
simulation, it is critical to establish the application of the specific case
study, as well as the demands that must be covered by the numerical
model. For example, although RANS models™"’ are perfectly suitable
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TABLE V. Mesh configuration.

Computational region Cell size (mm)

Intake port 2
Exhaust port 2
Cylinder 0.5
Cylinder walls/piston/valves 0.25
Pre-chamber 0.125
Pre-chamber walls and holes 0.0625
Spark plug gap 0.0625

AMR sub-grid criteria Minimum cell size (mm)

Temperature: 2.5K 0.0625
Velocity: 1 m/s 0.0625

for characterizing the global behavior of the flow-dynamics and com-
bustion process in SI engines through single-cycle simulations, the
underlying hypothesis of these models does not allow them to account
for multi-cycle combustion instabilities due to large turbulent scales."’
Alternatively, LES models, due to their capacity to resolve these large-
scale eddies, are better suited for analyzing the flow-field variations in
multiple engine cycles and their impact over the combustion process."”
Thus, in the context of this investigation, a dynamic structure sub-grid
LES approach has been considered for modeling the sub-grid stress
tensor as a function of the sub-grid turbulent kinetic energy (TKE)."
A two-zone flamelet-based model was used to simulate the com-
bustion process. The extended coherent flamelet model (ECFM)***”
employs the flame surface density () as a means to track the flame
front’s position, replacing the need for detailed chemistry calculations
and thereby reducing the computational time. This model was origi-
nally derived and implemented based on a unity Lewis number
assumption. The transport of X is shown in Eq. (1). Furthermore, the
ECEM accounts for various phenomena including the flame stretching
due to turbulence (P,), thermal expansion and curvature of the flame
(P,), and flame surface production due to mean flow dilation (P5)."*"
By using the modeled flame front, the computational domain is
divided into burned and unburned regions, employing large-scale spe-
cies stratification. The progress variable of the combustion model is
calculated as a mass fraction of species in the unburned and burned
regions of the domain; thus, the ECFM is able to capture up to some

Spark timing [cad]

extent the impact of thermal diffusion on the transport of species in
the presence of high temperature gradients*®

0 w0 <u a(Z/p)

at ax, o 8xi

SC 8xi

)+(P1+P2+P3)2—D+Pk. 1)

Additionally, the ECFM incorporates an integrated imposed
stretch spark ignition model (ISSIM) that uses a simplified electrical
circuit of the inductive-coil system to simulate the discharge of the
spark divided in three phases: The breakdown and arc phases, which
are modeled by considering an instantaneous deposition of energy in
the gas with the approach proposed by Duclos and Colin,”” and the
glow phase, which is accounted for by solving the ordinary differential
equation of the electrical circuit.”’ The ignition model considers a
user-specified energy input (70 mJ in the case of this research) depos-
ited into a sphere with the radius calculated based on the geometrical
inputs provided for the spark plug (distance between electrodes and
electrode diameter). This energy input is converted into a reference
flame surface density to start the flame propagation through the trans-
port equation for X. Thus, the initial flame kernel is considered to be a
sphere. However, the ISSIM also includes a tunable constant to
account for the initial wrinkling of the flame kernel, which directly
increases or reduces the reference flame surface density.

To account for the thermo-chemical properties of the flame, such
as flame thickness, laminar flame speed, and auto-ignition delay, the
ECFM model uses 4D data tables. For this purpose, 0D well-stirred
reactor simulations for ignition delay and 1D laminar flame speed cal-
culations were performed, considering different ranges of pressure,
temperature, mixture composition (EGR), and air/fuel equivalence
ratio. The detailed methodology for these calculations can be found in
a previous study.'” In Fig. 3, the presented results illustrate the laminar
flame speed and auto-ignition delay under high pressures, closely
resembling engine-like conditions. Multiple reaction mechanisms for
primary reference fuels (PRF)’'° were compared against experimen-
tal data at the same conditions.”””” Ultimately, the mechanism pro-
posed by Liu et al.”' was chosen to generate the data tables, as it
demonstrated the most accurate predictions.

C. Validation of the CFD model (single-cycle)

Validating the numerical results against experimental data is criti-
cal for assuring a suitable calibration of the combustion model to
extract meaningful conclusions from the performed simulations. Thus,
the maximum brake torque (MBT) conditions of the spark timing
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FIG. 3. Auto-ignition delay and laminar flame speed calculations for different chemi-
cal kinetics mechanisms at engine-like conditions.

sweep performed for PCI at the operating point presented in Table IV
were considered for the model validation. In this case, only one com-
plete engine cycle was simulated and contrasted against the experi-
mental results due to computational restrictions.

The simulation was configured and initialized with the corre-
sponding experimental data (intake/exhaust temperatures, intake/
exhaust pressures, injected fuel mass, spark timing, etc.). The lumped
model proposed by Torregrosa et al.”® was used to estimate the wall
temperatures for the piston, liner, and cylinder head, from the experi-
mental data in the tested conditions. It is important to point out that a
pre-chamber pressure transducer was not available for this research,
and thus, the comparison is made with the in-cylinder pressure signal.
Results of this comparison are shown in Fig. 4, where the experimental
pressure data are averaged over 250 measured cycles and the heat
release rate (HRR) is estimated from the pressure signal using an inter-
nally developed 0D combustion diagnosis software.”” " It is observed
that the simulated pressure trace matches very accurately the experi-
mental signal during the compression and combustion phases, show-
ing a good prediction of the peak cylinder pressure and providing a
solid foundation for the analysis to be performed.

Now, if phenomena related to combustion stability and cycle-to-
cycle variability are to be analyzed, one step further must be taken and
multi-cycle combustion simulations must be performed. Several
research works have shown the potential of using a LES formulation in
combination with the ECFM combustion model to predict the sources
of CCV in SI engines such as the work from Truffin et al.®> However,
the main problem of doing simulations with LES models is the compu-
tational cost. These models require very fine meshes, which generate
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FIG. 4. CFD model validation for low load/speed conditions.

millions of cells in the computational domain, causing the associated
computational time to increase significantly, even more so if there is
an adaptive refinement algorithm applied to the mesh during the com-
bustion process. For this reason, multi-cycle simulations using the
complete engine geometry were unfortunately out of reach with the
available computational resources for this investigation.

Therefore, an innovative solution was formulated to overcome
the aforementioned limitations. Studies from the literature”*** have
shown that early signs of cyclic variability can be observed by analyzing
the flow near the spark plug region (in this case inside the pre-cham-
ber) and the initial stages of the combustion process. Thus, there could
be important correlations between the flame development during the
pre-chamber combustion and the CCV observed in the experiments.
From this hypothesis, the multi-cycle simulations can be performed by
only considering the combustion in the pre-chamber region. This way,
the computational domain is considerably reduced, and a small
enough mesh can be used to solve a meaningful amount of the energy
spectrum while maintaining reasonable computational times.

D. Multi-cycle LES methodology for pre-chamber
combustion simulations

This section describes the methodology that was developed to
perform the CCV studies of PC1 and PClg, attributing the cyclic dis-
persion to changes in the pre-chamber flow conditions and combus-
tion process. This is an alternative approach for performing LES when
computational resources are limited.

Figure 5 shows the reduced computational domain, where the
pre-chamber has been separated from the complete engine geometry
and closed by inflow boundaries placed at the inlet of the holes. In this
approach, the simulations are actually performed on a realization-to-
realization basis with each realization meaning to represent one com-
bustion cycle. The calculations were divided into non-reacting and
reacting cases that will be described below.

The non-reacting case consisted in a single continuous simula-
tion, initialized at the IVC with the same mixture stratification and
thermodynamic conditions coming from the open-cycle simulation of
the complete engine geometry. The main chamber pressure and tem-
perature profiles of the complete engine simulation were imposed as
inflow boundary conditions to artificially replicate the piston dynamics
for the pre-chamber filling/emptying. These profiles are shown in
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FIG. 5. Computational domain and inflow conditions for the multi-cycle LES.

Fig. 5, perpetually reproduced for each cycle. The flow entering the
pre-chamber was considered to have the same mixture composition of
the main chamber at IVC (also taken from the complete engine simu-
lation). Furthermore, ten cycles were calculated for both PCl and
PClc with five instantaneous solutions generated near the TDC of
each simulated cycle, corresponding to the crankangles of —25 CAD,
—20 CAD, —15 CAD, —10 CAD, and —5 CAD.

Thereafter, the instantaneous flow-fields and mixture distributions
were directly mapped from the non-reactive to the reactive simulations,
considering equivalent meshes at the moment of ignition. This way, each

Cycle 1 Cycle 2 Cycle 3

- 820
800
780
760
740

Cycle 4

'TITTL
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TABLE VI. Computational time for one complete cycle using the whole engine geom-
etry and only the pre-chamber.

Maximum number Simulation time

of cells @64 processors
Whole engine 15839 562 27 days
Only pre-chamber 2593327 2 days

combustion simulation is initialized and develops within a characteristic
flow-field with different stratification of species and thermodynamic prop-
erties. Figure 6 shows the distribution of residual gases and temperature
inside the pre-chamber at the start of multiple combustion cycles.

The combustion model settings were kept equal to the validated
full-engine simulation. Moreover, five ignition timings were calculated
for each of the ten cycles with both pre-chambers, totaling one hun-
dred simulations, with the reference spark timing being —20 CAD
(experimental MBT spark timing for PC1). This approach allowed to
study the sensitivity of each pre-chamber to both advanced and
delayed spark timings in terms of CCV, to compare these results with
the experimental trends found for both designs and search for possible
correlations that could explain these trends.

Although the approach adopted in this paper might not be the
most accurate strategy as it does not account for thermodynamic and
thermo-chemical stratification effects coming from the combustion
process in the main chamber, it is an interesting alternative for per-
forming LES with low computational resources. Table VI shows the
benefits of the developed methodology in terms of computational cost,
which is even more critical when performing studies for practical use-
cases where a large amount of simulations are required (such as compar-
ing multiple pre-chamber designs). In addition, meaningful correlations
have been found in this investigation that potentially explain the behav-
ior of the studied pre-chambers during the experimental campaign, fur-
ther supporting the validity of the adopted methodology.

0.2
Cycle 5

FIG. 6. Distribution of residual gases and
temperature inside PC1 at the start of mul-
tiple combustion cycles.
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11l. RESULTS AND DISCUSSION

Before diving into the results, several studies from the literature
have shown strong correlations between the cycle-to-cycle variations
of SI engines and the initial flow conditions in the proximities of the
spark plug.”” ®* Therefore, the first part of the analysis will focus on
characterizing the distribution of the flow variables in the whole pre-
chamber and their deviations between cycles, paying special attention
to the surroundings of the electrodes.

A. Flow-field analysis of the pre-chamber

To begin, Fig. 7 shows the modeled turbulent kinetic energy field
for five consecutive cycles of PCI (top rows) and PClc (bottom rows).
The snapshots are taken from the non-reacting simulations at an
advanced crankangle (—40 CAD) and at the reference spark timing
(—20 CAD). The right-side columns show the spatially averaged TKE
field for all cycles and the standard deviation (SD) of the TKE in the

TKE [m?%s?]
0.0 N0 00

pubs.aip.org/aip/pof

full length of the pre-chamber. In this figure, it can be appreciated how
the general behavior of the flow-field is very different for both designs. In
the case of PCl, the swirling motion induced by the tangential angle of
the holes generates high TKE values at the bottom, which quickly dissi-
pates as the flow goes in an upwards spiral along the pre-chamber walls.
This pattern appears to be quite uniform in the whole pre-chamber vol-
ume for each cycle with low levels of TKE reaching the spark plug gap.
On the other hand, given that the holes of PClc are faced directly toward
each other, the crashing flow at the bottom of this design produces higher
levels of turbulence that rise along the central part of the pre-chamber.
Moreover, the snapshots of PClc exhibit greater differences in both the
local distribution of the TKE as it moves toward the spark plug, and the
local intensity of the turbulence field. This is confirmed by the standard
deviation column, where a much higher variation of the TKE between
cycles is observed for PClc compared to PCI1.

Another important flow variable that must be analyzed is the
velocity field. Therefore, Fig. 8 presents the same distribution of images
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FIG. 7. Generation of turbulent kinetic energy inside the pre-chamber for the LES. Snapshots for PC1 are shown in the upper rows for five cycles at two crankangles, and in
the bottom rows for PC1c. The time averaged and standard deviation of this parameter over all cycles is shown at the right-side of the figure for each pre-chamber at the corre-

sponding crankangle.
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FIG. 8. Velocity field inside the pre-chamber for the LES. Snapshots for PC1 are shown in the upper rows for five cycles at two crankangles, and in the bottom rows for PC1c.
The time averaged and standard deviation of this parameter over all cycles is shown at the right-side of the figure for each pre-chamber at the corresponding crankangle.

but for the velocity magnitude. It is interesting that despite showing
the same pattern as the turbulence field, the local distribution of the
velocity is much more uniform in the whole volume for PC1, with-
out having such a high difference between the velocities at the bot-
tom and at the top of the pre-chamber. On the other hand, PClc
shows a high stratification for this flow variable, where the velocities
in the middle section of the pre-chamber are considerably higher
than the near-wall regions. In addition, the consecutive snapshots
also exhibit more differences compared to PC1, which is again
highlighted by the standard deviation values. In this case, the levels
of SD near the spark plug reach over 10 m/s for PClc at —20 CAD,
almost five times as high as the SD levels for PCI in the same time
frame.

Based on this initial assessment of the pre-chamber flow-field,
PClc begins to exhibit an unfavorable behavior in terms of cycle-to-
cycle variation, as indicated by the higher standard deviation of the
analyzed flow variables between cycles. However, the combustion sim-
ulations must be considered to complete the analysis.

B. Analyzing the combustion evolution in each
pre-chamber design for different spark timings

Moving on to the reacting cases, Fig. 9 shows an overview of the
combustion process for each design, with the spark triggered at —20
CAD. The evolution of the flame can be observed in the visualization
images, where five snapshots are taken for two consecutive cycles.
Regarding PCl, the initial flame kernel is very similar between the two
cycles, and given that the swirling motion of the holes generates a uni-
form flow pattern, the morphology of the combustion process as it
starts to progress throughout the pre-chamber is also alike for both
cycles. In contrast, the initial snapshots of PClc reveal a distinct igni-
tion location. Consequently, the subsequent evolution of the flame
exhibits greater disparities between the two cycles of this geometry. In
addition, the particular flow pattern of PClc bends the flame toward
one side of the pre-chamber as it develops in this region.

In Fig. 10, the HRR profiles of the ten combustion cycles are plot-
ted with the left column corresponding to PC1 and the right column
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FIG. 9. Flame evolution inside PC1 and PC1c for two consecutive cycles.

to PClc. From the top plots, it is clearly seen that the stabilized flow
pattern helps PC1 to achieve faster burning rates than PClc, and the
combustion phasing for all cycles is kept within a short range. In con-
trast, the HRR profiles of PClc exhibit more pronounced differences
in terms of CA50 with an offset of approximately 2 CAD observed
between the peak values of multiple cycles. This can be better observed
in the bottom plots, where the average HRR of the ten cycles is pre-
sented for each pre-chamber, along with their corresponding standard
deviations. Here, a higher SD is observed for PClc due to greater varia-
tions in the combustion process between cycles.

Furthermore, Fig. 11 shows the cycle-averaged HRR of the five
simulated spark timings, with their corresponding standard devia-
tions. The black curves represent PC1 and the blue curves PClc. For
the reference case, with the ignition set to —20 CAD, the highest
burn rates are achieved for both pre-chambers, showing also rela-
tively low levels of dispersion. This matches the trends observed dur-
ing the experimental campaign, given that the spark setting is the
closest to the MBT conditions at low engine load and speed.
However, when moving the ignition to either direction of this point,
the SD values start to increase, especially for PClc. At —5 CAD, for
example, a 50% variation is observed for the peak HRR of the afore-
mentioned pre-chamber.

At this point, one of the major issues found for the multi-cycle
LES methodology was the difficulty to effectively quantify the CCV.
Considering that the cyclic dispersion is evaluated for the indicated
parameters of the engine (¢IMEP, COV IMEP), a suitable parameter
for estimating the CCV was lacking from these simulations, given that
only the pre-chamber combustion was modeled. For this purpose, the
experimental spark timing sweep performed at low load/speed condi-
tions (presented in Fig. 2) was contrasted with the results for the five
simulated spark timings of PC1, in order to find a parameter that was
able to reproduce the experimental trend.

In a first attempt, the maximum HRR value was considered. The
bottom-right corner of Fig. 11 shows the comparison of the experi-
mental COV IMEP and the covariance of the peak HRR (COV
HRR a5 for the ignition sweep. It is clearly seen that the real behavior
of the engine is not captured with this parameter. Fairly similar levels
of COV HRR,,,, are obtained for each spark timing, showing the low-
est value at —15 CAD, and failing to reproduce the flat tendency of the
COV IMEP at early ignition times and the abrupt increase after —10
CAD. This can stem from the fact that the maximum HRR is not a
parameter that directly relates to the ignition of the main chamber.

One of the phenomena that is usually overlooked when analyzing
the pre-chamber system is the asymmetry with which the main
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FIG. 10. Analysis of the HRR in each cycle of PC1 and PC1c with the spark triggered at —20 CAD.

chamber ignition can be generated. Considering that the flame can
reach each hole at different time frames, as was observed in the flame
evolution sequence of Fig. 9, some jets would be ejected before others,
which could cause the flame to be quenched in certain cycles due to a
premature pressurization of the main chamber. The asymmetric com-
bustion pattern can lead to high cyclical dispersion since the flame evo-
lution would change significantly in every engine cycle. Consequently,
a characteristic parameter “t” can be defined as the time it takes for
the flame to reach each hole. Thus, this variable would represent an
estimation of the main chamber combustion onset, as well as the mor-
phology of the ignition source.

In light of the previous statement, monitor boxes were placed at
the entrance of each hole for both pre-chamber designs, to determine
the time at which the ECFM progress variable reaches a value of 0.55,
which is the usual threshold used to define the flame front separating
the burned gases (where the progress variable has a value of 1) and the
unburned mixture (where the progress variable is null).””

The results of this study are presented in Fig. 12 for the reference
spark timing (upper row) and the most delayed spark timing (bottom
row). These plots show the 7 parameter in the vertical axis and the
pre-chamber holes in the horizontal axis, labeled from 1 to 6. Each
plotted line represents a combustion cycle; therefore, an ideal scenario
would be characterized by overlapped horizontal lines, which indicates
that the flame is reaching all the holes at the same time in every cycle.
From here, the variations of the combustion process can be assessed in
two directions (between holes and between cycles).

For PCl, the 7 values are kept within a range of £1 CAD between
cycles at the reference spark timing, showing a good combustion

stability. In addition, the behavior of 7 in most cycles is relatively
flat, with a variation of 0.5 CAD between holes, which also indicates
a stable combustion evolution, leading to a uniform ignition of the
main chamber. This can be further appreciated in the snapshots on
the top plot of PC1, that are taken for a cut-plane perpendicular to
the pre-chamber axis and just above the location of the holes. It can
be seen that with a variation of only 1 CAD the flame is able to reach
the pre-chamber bottom and sweep the whole circumference, pro-
moting the ejection of reactive products throughout the six holes in a
similar time frame. Moreover, for the delayed spark timing, the 7
variations begin to increase (2 CAD between cycles); however, the
behavior of the flame pattern between holes is still kept within a
short range.

On the other hand, the behavior of = for PClc has higher devia-
tions in both considered spark timings. First, the characteristic times
for most cycles are higher than PCI, indicating that the flame takes
longer to reach the pre-chamber bottom. This fact increases the energy
losses due to non-reacting ejection of pre-chamber mixture,'® since the
pressure builds up within the pre-chamber while the flame is still trav-
eling through this region, and also increases the delay between the igni-
tion signal and the onset of main chamber combustion, which has
negative implications for the concept’s performance as was found in a
previous study by Novella et al.”’ Second, the variations of 7 between
cycles are considerably higher, reaching a difference of up to 3 or even
4 CAD in both spark timings. Finally, the variance of T between holes
is also very high for some cycles, which can be seen in the upper snap-
shots of PClc, where the flame is clearly reaching some holes sooner
than others, making for an asymmetrical main chamber ignition.
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FIG. 11. HRR averaged over ten combustion cycles with the corresponding standard deviation for each pre-chamber at five different spark timings. The bottom-right corner
shows the COV IMEP for the spark timing sweep performed in the real engine with PC1 at the simulated operating conditions, along with the COV of the peak HRR for each

simulated spark timing.

This analysis suggests that PC1c is expected to have increased lev-
els of CCV in a wide range of spark timings, compromising the perfor-
mance of the engine, which correlates perfectly with the experimental
trends found in Fig. 2. Moreover, to further prove the reliability of
these results, Fig. 13 presents the covariance of the T parameter com-
pared to the experimental COV IMEP of PCl, highlighting that the
experimental trend is very well matched with this new variable. Thus,
these simulations are able to qualitatively predict the global tendencies
of the concept and estimate the combustion stability threshold, prov-
ing the utility of the developed multi-cycle LES methodology for
assessing the sources of CCV of different pre-chamber designs in SI
engines.

Finally, this study has revealed an important conclusion related
to the behavior of the passive pre-chamber concept in terms of cyclical
dispersion. Although having higher levels of turbulence can (in

principle) help to accelerate the pre-chamber turbulent flame speeds,
which is a feature that can essentially help to improve the performance
of the concept, generating a stable flow pattern inside this region is
predominant to maintain a fast and stable combustion process. This
can be achieved by providing a tangential angle to the layout of the
holes, enabling the generation of a swirling vortex that stabilizes the
flow-field.

IV. SUMMARY AND CONCLUSIONS

This paper presents an innovative study about the impact of hole
tangential angles in passive pre-chambers on the combustion stability
of a light-duty SI engine. It began by presenting experimental results
for two pre-chamber designs, one with a high tangential angle (PCI)
and one with completely radial holes (PClc). High levels of CCV were
observed for PClc at low engine load/speed conditions. Thereafter, a
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FIG. 12. 7 values for each cycle at the reference and most delayed spark timings. The snapshots are shown for a cut-plane perpendicular to the pre-chamber axis just above
the position of the holes.

CFD model, validated with the experimental data, was used to study * A parameter was identified to evaluate the CCV levels associated

both pre-chambers in depth. A modeling methodology was formulated with a specific pre-chamber design. The T parameter, which mea-
for performing multi-cycle LES of the pre-chamber combustion, which sures the time it takes for the flame to reach each hole, relates the
allowed to execute a large number of simulations without consuming pre-chamber combustion to the main chamber ignition onset
excessive computational resources. Although the approach did not and morphology. High 7 variations indicate asymmetric ignition,
account for thermodynamic and thermo-chemical stratification effects potentially causing cyclical dispersion. Furthermore, the covari-
coming from the combustion process in the main chamber, meaning- ance of T matched the experimental COV IMEP trends for PCI,
ful correlations were found to support the validity of the developed showing a reliable estimation of the combustion instability
methodology and offer insights into the behavior of the studied pre- threshold of this pre-chamber.

chambers. The key findings of the investigation are as follows: * The analysis of PClc revealed very high velocity and turbulent

kinetic energy fluctuations in the whole pre-chamber volume,
potentially contributing to poor CCV performance. The flow-

100 25 field generated in this design proved to be undesirable for pre-

— Experimental chamber ignition systems, since it is challenging to stabilize com-

go — Simulated 20 bustion in these conditions. Particularly, designs with small holes

— — (< 1 mm) will magnify this issue, given that the high TKE levels
9 NG i . .

= 60 15 &, generated inside the pre-chamber could result in the blowing out

& & of the initial flame kernel near the spark plug region, causing

2 4 10 > misfires.
B 8 * The undesirable flow-field of PClc also causes the flame to evolve
© 20 5 asymmetrically within this design, leading to high variations of ©

between holes and between cycles for each simulated spark timing.

0 0 This indicates an asymmetric ignition of the main chamber with

40 30 20 10 0 some jets being ejected before others and different jets driving the
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combustion in every cycle. This pattern matches the experimental
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FIG. 13. Validation of the = parameter with the experimental trend for the COV behavior of PClc, where it is impossible to achieve a suitable com-
IMEP of PC1. bustion stability regardless of the employed spark timing.
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This research underscores the importance of a stable pre-chamber
flow-field and emphasizes the significance of internal design and hole
layout in enhancing the combustion stability. However, challenges
remain, especially in idle or cold-start conditions, creating the need for
further research into alternative design features, hole configurations,
and internal geometries for practical implementation in passenger car
engines. Future investigations could also extend to multi-cycle LES of
the entire engine geometry to account for main chamber flow-field
variations.
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