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Abstract

Recent outlooks suggest a long-term relevance of internal combustion engines for both
power generation and transportation. Nonetheless, stringent pollutant reduction
requirements combined with new CO, mandates draws a challenging scenario, requiring
intensive research and development activities to develop and optimize combustion
modes to fulfill these requirements. Among the recent advancements, the active pre-
chamber ignition system has been considered as a potential alternative to achieve a
highly efficient and clean combustion process. Its combustion development is dictated
by the pre-chamber ignition system which will provides a high energy flow jet inside the
main chamber to enable a multi-site oxidation of the global lean mixture. The
comprehension and quantification of the flow and combustion characteristics of the
pre-chamber are of utmost importance to optimize the engine operation and pre-
chamber design. Nonetheless, restrictive space for instrumentation at experimental side
requires alternative numerical methods to aid the quantification of the state parameters
and combustion process of these systems. In this sense, this research proposes a novel
methodology combining in-cylinder pressure measurement and 1-D simulations as a
tool to determine the state, flow and combustion development of different active pre-
chambers operating with natural gas in a heavy-duty engine for power generation. The
methodology is developed considering 3 different pre-chamber geometries, operating



at different spark timings and equivalence ratios. The results suggest that the
methodology is able to quantify the state conditions prior to the spark discharge as well
as the evolution of the combustion process by means of considering the perturbations
of the mass flow from the pre-chamber inside the main chamber energy balance.
Moreover, the methodology allowed to quantify variations of equivalence ratio as small
as 0.1 and combustion durations variations of 1 CAD.

1. Introduction

The concern on the rising energy demand associated to the necessity of an expressive
reduction of greenhouse gases emission has pushed the investigation efforts towards
the utilization of cleaner energy vectors and the optimization of combustion devices
[1][2]. In this scenario, natural gas arises as a potential renewable substitute to replace
fossil fuels [1]. Natural gas can be obtained from different sources, but biomass-based
process enables the most significant benefits on CO; reduction [4][5]. Additionally, the
conversion of biomass helps to decrease the methane release to the atmosphere, which
has a CO; potential of 20 [6]. Different studies have demonstrated the practical
utilization of natural gas as fuel for spark ignition engines[7][8], attaining benefits in
terms of fuel consumption, and given the possibility of knock-free operation at high
compression ratio [9][10]. These results suggest that its combination with advanced
combustion concepts may lead to even greater benefits [11]. Therefore, the research
and development of efficient and cleaner combustion concepts is paramount [12].

In this scenario, different advanced combustion concepts have been recently
introduced. Both low temperature [13] and lean combustion [14] concepts are
suggested as candidates to achieve efficient combustion while minimizing the
production of pollutants as nitrogen oxides (NOx) and soot [15]. The former
comprehends several combustion modes, being the homogenous charge compression
ignition (HCCI) [16], partially premixed combustion (PPC) [17][18], reactivity
compression ignition (RCCI) [19][20][21] and Dual-Mode Dual-Fuel combustion (DMDF)
[22][23] some of widely addressed concepts in the literature. On the other hand, lean
combustion can be accomplished by different strategies, relying on the equivalence
ratio stratification to guarantee a stable flame development from the richer to the
leaner zones[24]. Fuel direct injection can be used to create a mixture stratification
inside the cylinder that may be used to control the flame development [25]. For lean
combustion, the higher oxygen and exhaust gas recirculation dilution (EGR) increases
the specific heat ratio, leading to higher efficiencies. Nonetheless, the dilution limits are
restricted by combustion variability and flame quenching, leading to unstable and
inefficient combustion.

The use of pre-chamber systems has appeared as an alternative to extend the
operational limits of lean combustion [26]. This is accomplished due to the multi-site
flame development originated by the hot gases torch that leaves the pre-chamber,
providing high energy to sustain the oxidation in the main chamber and also a fast
combustion compared to conventional spark ignited (SI) engines which decreases the
total heat losses [27]. Both passive and active pre-chamber architectures were
developed along the years. The former relies on the flow movement inside of the
cylinder for the mixture charge and discharge and do not present direct fuel injection on
the pre-chamber cavity. This concept allows to extend the equivalence ratio limits but is



highly affected by the scavenging of the pre-chamber, which may produce unstable
operation and quenching as the equivalence ratio is decreased. In addition, the
equivalence ratios of pre and main chamber are closely related, which contributes to
restrict the lean operation limit [28]. By contrast, active pre-chambers employ direct
injection of fuel inside the cavity, allowing better control on the local equivalence ratio
and decoupling, to a certain degree, the mixture preparation process from the pre and
main chambers. In this sense, the pre-chamber can operate at stoichiometric or rich
mixtures while maintaining globally lean mixtures in the main chamber. This allows to
extend the operation limits, achieving higher efficiencies and lower NOx emissions
compared to the passive pre-chamber systems [29].

The pre-chamber combustion, independently on the architecture, is dominated by
different parameters such as the turbulence intensity, equivalence ratio, pressure and
temperature as well as the residual gas fraction. These parameters will have strong
influence on the cycle-to-cycle variability as well as the penetration of the hot gas jet
inside the main chamber [30]. Nonetheless, the determination of these properties
values is not straightforward. The reduced space for instrumentation generally requires
the use of simplified geometries for optical visualization [31][32] or 3-D CFD techniques
to quantify the mass transfer between chambers and the state and mixture properties
in the pre-chamber. The last provides spatial resolution for the variables of interest but
infers high computational time and slows the development process. Therefore, fast
analysis and design techniques are needed for early development stages, which may be
used to reduce the operating test matrix, to select potential candidates to be
investigated in detail and to identify the operating conditions inside the pre-chamber
system.

Zero-dimensional combustion modelling coupled to 1-D flow calculations have been
extensively used for simplified description of the combustion development in internal
combustion engines. The single dependence with respect to time speeds up the solution
process at the cost of losing spatial discretization for the solved variables. Despite this,
it can provide bulk values of the state parameters and flow characteristics which can be
used as guidelines in the design phase. Generally, flow characteristics are calculated by
means of finite volume methods, delivering a precise quantification of the intake air
flow, residual gases, and equivalence ratio. On the other hand, experimental pressure
traces are used to obtain the heat release rates which are imposed in the model to
calculate the temperature and heat transfer properties [33]. Since direct
instrumentation is a hurdle in pre-chamber system, the combustion description may
require its reconstruction by means of derivate quantities.

Despite of not being a predictive technique, combustion description by means of
exponential burning laws (Wiebe functions) may be an alternative to reconstruct the
pre-chamber combustion development and obtain its state and composition evolution.
However, the reconstruction must be derived from the main chamber pressure traces,
requiring devising a new methodology which is able to correlate the experimental main
chamber results with those of the pre-chamber simulation. In this sense, this research
has as aim the development of a methodology to assess the combustion and flow
characteristics of a heavy-duty natural gas engine containing an active pre-chamber
system. To do this, a 0-D methodology is proposed based on GT-Power modelling of the
pre-chamber combustion process by Wiebe functions which are optimized online



applying an external routine developed in Python that consider the perturbations of the
mass flow from the pre-chamber inside the main chamber energy balance as a reference
for the combustion process definition. The methodology was developed considering
three different pre-chamber configurations at a wide range of spark timings and
equivalence ratios, guaranteeing the validity of the proposed methodology.

2. Experimental setup

This section details both the experimental and numerical tools and the methodologies
that were used during the investigation. First, the engine and experimental facilities are
presented. Later, the pre-chamber fuel injection system and the testing methodology is
described. Finally, the numerical routines are detailed to evidence the assumptions,
limitations, and advantages of the proposed methodology.

2.1. Engine characteristics and test cell description

This investigation was carried out in a single-cylinder engine (SCE) configuration from a
commercial Scania D13 6-cylinder heavy-duty compression ignition engine. The main
characteristics of the engine are depicted in Table 1. The engine platform modification
includes the manufacturing of external air management systems as well as the
compression ratio reduction to 12:1 by means of a new set of pistons.

Table 1. Engine characteristics.

Displaced volume [cc] 2124
Stroke [mm] 160
Bore [mm] 130
Connecting Rod [mm] 255
Compression ratio [-] 12:1
Number of Valves 4

Exhaust Valve Open 16.4 CAD bBDC

Intake Valve Close 31 CAD aBDC

Engine speed [rpm] 1500

In addition to this, a pre-chamber system was included into the original cylinder-head.
To do so, the diesel injector was removed, and the pre-chamber unit was installed in its
respective location by a rework of the original injector housing. The pre-chamber unit
includes a 14 mm iridium spark plug placed in an approximately central location, a set
of six orifices connecting the pre-chamber with the rest of the cylinder, and a duct for
gaseous fuel injection inside the pre-chamber. Three pre-chamber configurations with
different orifice diameters, maintaining the rest of the geometry equal. The main
specifications of the three pre-chambers are depicted in Table 2.



Table 3. Pre-chamber characteristics.

Parameter Nozzle 1 Nozzle 2 Nozzle 3
Volume [cm?3] 5.04 5.04 5.04
Number of orifices 6 6 6
Orifice diameter [mm] 1.6 1.8 2.0
Total nozzle cross-section
5 0.0202 0.0254 0.03134
area An [cm?]
An/Vpc [cm-1] 0.00399 0.00505 0.00623
Vpc/Ve [%] 2.44 2.44 2.44
Nimonic® 80A | Nimonic® 80A | Nimonic® 80A
Material UNS UNS UNS
NO7080/W. Nr. | NO7080/W. Nr. | NO7080/W. Nr.
2.4952 2.4952 2.4952
Thermal conductivity at 20°C
~25 ~25 ~25
[W/mK]

The engine was installed in the test cell facility depicted in Figure 2. The test cell is
composed of an external air management system that comprehends a dedicated
compressor that allows achieving intake pressures up to 11 bar, a flow meter, an air
heating system controlled by a PID (+0.5 °C), two settling chambers and a back-pressure
valve to control the exhaust pressure. Moreover, different measurement devices and
instrumentation were used. The in-cylinder pressure was measured by means of a Kistler
6053CC transducer. The resultant signals were then correlated to crank angle degrees
with a resolution of 0.2 CAD. An AVL i60 emission measurement system was used to
quantify the engine-out gaseous emissions as well as the overall equivalence ratio
(computed from the oxygen concentration). Finally, different average pressure and
temperature sensors were distributed along the intake and exhaust lines to monitor the
values of these state variables. Table 3 summarizes some of the relevant
instrumentation that was used in this investigation and their respective accuracy.

Table 3. Instrumentation with the respective measurement principle and accuracy.

Variable measured Device Manufacturer / model | Accuracy
In-cylinder pressure Piezoelectric transducer Kistler / 6053CC +1.25%
Intake/exhaust pressure | Piezoresistive transducers Kistler / 4045A +25 mbar
Temperature in settling Thermocouple TC direct / type K +2.5°C
chambers and manifolds
Crank angle, engine Encoder AVL/ 364 +0.02
speed CAD
NOx, CO, HC, O,, CO, Gas analyzer AVL i60 emission 4%
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Figure 2. Experimental facility scheme.

AIR COMPRESSOR

Looking at the pre-chamber injection system details in Figure 2, it is possible to
observe that the fuel is provided by an external line, from the south-west Swedish
national grid. Detailed specifications about the fuel composition and its chemical-
physical properties are presented in Onofrio et al. [34]. The same fuel is used to feed
both injection systems, the port fuel injection (PFl) and the pre-chamber injection
system. The injection process in the pre-chamber is completely defined by means of the
pressure difference in the system, as depicted in Figure 3. First, a pressure difference
target is defined considering the external delivery system and the injection system. If
the pressure difference is higher than 250 mbar, the valve opens and allows the fuel to
flow into the injection system. Next, a 558 series check valve by The Lee Company is
used to control the fuel flow to the pre-chamber. To do this, a pressure setpoint is
specified at 400 mbar. Once the pressure difference between the pre-chamber and the
fuel line reaches this setpoint, the fuel injection takes place and is ceased when the
pressure difference falls under the target. The fuel flow rate is continuously measured
by means of an Emerson Coriolis mass flow meter. In this way, and together with a
second flow meter in the overall fuel injection line, it is possible to determine the fuel
mass flows going to the pre-chamber and to the rest of the cylinder (though the intake
ports), needed for a proper evaluation of the equivalence ratio in both systems.
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Figure 3. Pre-chamber injection system description.

2.2. Operating condition matrix and testing methodology

The three pre-chambers were evaluated at three different engine loads: 10 bar, 15
bar and 18 bar of indicated mean effective pressure (IMEP). For each engine load, a
lambda sweep was performed ranging from 1.5 to 2.1 as always as possible in intervals
of 0.2. In addition, a spark sweep was performed for each combination of load and
lambda around the optical spark actuation for each engine point and lambda in terms
of indicated efficiency.

A specific methodology was developed to ensure stable operating conditions prior
to acquire the relevant parameters, as depicted in Figure 4. First, the engine is started
at motored condition with an intake pressure of 1.2 bar. Then, both ignition and fuel
injection systems are enabled, allowing to run the engine in firing conditions. Once the
engine is properly running, both lambda and engine load must be adjusted. While
lambda can be obtained by modifying the intake pressure and pre-chamber fuel mass,
the engine load generally requires higher amounts of fuel that are provided by the PFI
system. Once both lambda and engine load are achieved, the spark timing sweep can be
initiated.
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Figure 5. Experimental methodology to assure stable conditions.

2.3. Pre-chamber combustion determination

This section details the methodology developed to assess the global parameters inside
the pre-chamber considering the main-chamber instantaneous pressure and the
different experimental inputs as boundary conditions. First, the full cycle three pressure
analysis routine (TPA) is presented, followed by the discharge time calculation and the
adjustment of the pre-chamber combustion parameter by means of an online Python
routine coupled to the GT power model.

2.4. Heat release determination and discharge time calculation.

Heat release determination relies on quantifying the energy flows in a closed volume
comprehending the combustion system. The most conventional approach to perform
this analysis is the application of the first law of thermodynamics subtracting the heat
losses, defined as the apparent heat release rate or net heat release rate, which can be
easily solved by Equation 1 [35].

dQn _ dQch . tht _ |4 av 1 d_p

0 do  do y—1Pae Ty—1 ds

Equation 1

Where, Q. is the chemical energy available from the fuel, y is the ratio of the specific
heat at constant pressure and the specific heat at constant volume, p is the in-cylinder
pressure, I/ is the instantaneous volume and 8 is the instantaneous crank angle degree.



More detailed approaches quantify the different phenomena that occur during the
closed cycle, as heat transfer and fuel evaporation, generally by means of
phenomenological correlations. Lastly, full cycle simulations can be used allowing to
determine the gas exchange process, detailing the in-cylinder charge composition such
as the residuals gas trapped at the cycle start and the fresh-air that is admitted in each
cycle. This last approach is fully defined in GT-Power by means of the three-pressure
analysis routine, which accounts the intake, exhaust and in-cylinder pressures as
boundary conditions for the calculations and was herein used to determine the heat
release profiles. A detailed description of the TPA routine can be found in [36]. Figure 6
illustrates the Scania D-13 GT-Power model that was developed to run the TPA

calculations.
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Figure 6. GT-Power model for the Scania D 13 single cylinder engine.

The model consists of specific geometric templates in which the dimensions of each pipe
that composes the runners and manifold are specified. In addition, both intake and
exhaust lines are modeled. As it can be seen, two PIDs are included in these parts to
adjust the average pressure and temperatures at the experimental measurement point.
This was implemented because the experimental facility was not able to deliver
instantaneous results of manifold pressure. Despite of not being the initial proposal
from the TPA, it was previously demonstrated that the solution of the full intake and
exhaust path by means of finite volume is able to capture the pressure oscillations from
the pulsating flow [37]. A modified Woschni model was used to specify the convective
heat transfer coefficient, allowing to calculate the total heat losses during the
combustion by means of Equation 2.

Qur =h-4- (Tcyl — Twau) Equation 2

As it can be seen, the total heat transfer is proportional to the wall temperature from
the cylinder, piston and cylinder head. Since the measurement of these quantities is not
trivial, a detailed finite element model was used considering the coolant temperature



and material properties to obtain spatial resolution of the temperature distributions
[38]. This also enables the coupling of the thermal source (cylinder) with the remaining
parts as ports and pipes, predicting the wall temperature of each part.

Figure 7 illustrates the comparison of the results obtained from the TPA routine with
those from experiments regarding the instantaneous in-cylinder pressure during the full
cycle calculation. As it can be observed, the model is able to reproduce with good
agreement both the closed cycle and gas exchange. This last presents higher deviations
because the instantaneous pressure profiles are not imposed and deviations in the
geometry can exist. Moreover, the graph is presented in logarithm scale, which
enhances the visualization of small values. However, it should be remarked that the
deviations from the experiments in the air flow prediction are lower than 3%, indicating
that the gas exchange process model is representative from the experiments. A similar
analysis was extended to additional operating conditions, leading to the same
conclusions and are not herein presented for brevity sakes.

- — Experimental

100
] —— Simulated

Pressure [bar]

V/Vmax [-]

Figure 7. Logarithm of pressure with respect to Logarithm of volume for experimental and simulated
conditions.

The application of the TPA routine in each one of the operating conditions allowed to
obtain the heat release profiles from the main chamber as depicted in Figure 8. From its
analysis, two different slopes can be observed. The first one, with a higher gradient is
attributed in the literature to the strong heat delivered once the combustion passes
from the pre-chamber to the main chamber, generally called as pre-chamber discharge
[39]. Once the discharge finishes and the main chamber combustion progresses, a
second small slope period is evidenced in the HRR profiles.

HRR

Apparent heat release rate [kJ/CAD]

CAD

Figure 8. Heat release profiles of the main chamber obtained through the three-pressure analysis
simulation.



This two-stage heat release seems to be a direct path to correlate the combustion
process from both pre-chamber and main chamber. This link can provide a way to
understand the bulk quantities from the pre-chamber by means of an inverse analysis
consisting of quantifying the discharge time with the actual combustion duration in the
pre-chamber. Relying on the fact that the first derivative of a signal is able to provide
the slope changes and its second derivative delivers the crossing zero points, each one
of the heat release signals from the different operating conditions was submitted to a
MATLAB routine to calculate both derivatives. As depicted in Figure 9 (a), the end of the
discharge time is apparent on the first derivative as a local minimum for the first phase
of the HRR profile. The crank angle degree determination in which this minimum is
located is straightforward. A second derivative can provide the crossing zero points as
depicted in Figure 9 (b) and from them, the total duration of the discharge time can be
calculated. This routine is extended to the complete dataset, providing the boundary
conditions in terms of discharge time to feed the next calculations.
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Figure 9. Heat release rate and its first derivate (left); second derivative and crossing zero points (right).

2.5. Pre-chamber combustion adjustment

From a phenomenological point of view, the pre-chamber discharge time duration
should be a consequence of the pressure difference from the main chamber and pre-
chamber. This is a direct response from the combustion process that initiates in the pre-
chamber, increasing the pressure and temperature and creating a gradient between the
state properties in both locations during a certain period, which should be similar to the
discharge duration. In this sense, it can be argued that if the discharge time is known, it
should be possible to reconstruct the combustion process that caused such pressure
difference. It should be remarked that a set of assumptions should be made prior to
attempting to simulate the pre-chamber combustion.

The combustion in this active pre-chamber initiates from the electrical discharge of the
spark plug in a high turbulence environment with a small volume, which provides a fast
combustion process. In addition, the small distances from the flame kernel to the walls
increases the complexity regarding the flame interactions and the shape of the burning
process. Nonetheless, previous results from literature have reported that the
combustion still maintains some of the key characteristics of a flame propagation



process [40]. In this sense, the pre-chamber combustion process can be described by a
Wiebe function as that presented in Equation 3.

9_90)m+1

xp, =1- e_a( A6 Equation 3

The use of the Wiebe description requires the knowledge of three different parameters:
the combustion duration, and the parameters a and m. These last are adjustment
parameters to fit the slope of the curve. In this research, both parameters are assumed
constant and equal to 5 and 2, respectively. This assumption is justified by the data
presented in Figure 10, which shows the influence of the factor m on the Wiebe shape
for two different combustion durations (5 CAD and 15 CAD). As it can be seen, the
differences on the combustion development seem to be much less significant for shorter
combustion durations (as those presented in the pre-chamber) than for the cases with
longer combustion durations. In this sense, it can be concluded that as the combustion
duration decreases, lower is the error committed by this assumption. Moreover, the
start of the heat release profile should be also defined. In this case, Equation 3 was
rearranged to accommodate the CA50 as phasing parameter, allowing to assess the
ignition delay values depending on the operating condition. To do this, an additional
assumption was made and was then tested during the results discussion. The CA50
values were determined considering half the period of the discharge time, i.e., the
maximum discharge rate.

—— m=1, combdur=5
—— m=2, combdur=5
m=3, combdur=5

—= m=1, combdur=15

- m=2, combdur=15

m=3, combdur=15

Mass fraction burned [-]

Figure 10. Effect of shape parameter m on the mass fraction burned profiles for two different
combustion durations: 5 and 15 CAD.

The only remaining parameter to be adjusted in the equation is the combustion
duration. The definition of this parameter was made by means of an iterative routine,
coupling a PID controller targeting to achieve the same discharge time than those
calculated from the TPA results. To do this, the model from section 2.4 was modified to
incorporate a Python routine that allows to include mathematical operations on the
mass flow signal, which are not possible by the conventional GT-Power templates. The
modified version of the Scania D13 GT Power model is presented in Figure 13.
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Figure 11. Modified Scania D13 GT-Power model to accounts the online discharge time calculation and
pre chamber combustion duration adjustment.

For each cycle, the mass flow through the pre-chamber nozzles was passed to the
Python routine allowing to track the instantaneous value of the mass and its derivative.
Both indicators were used to identify the flow direction as well as the zero crossing
values. In this sense, a logical statement routine was built to find the values in which the
signal crosses zero with positive gradient and after the spark timing, indicating the start
of the discharge. A similar logical statement was built to determine the end of the
discharge time. Figure 12 illustrates the mass flow signal in the pre-chamber nozzle as
well as the burn rate profiles from a random iteration.
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Figure 12. Nozzle mass flow profile, main chamber burn rate and pre-chamber burn rate.

This algorithm was then repeated several times, updating the combustion duration by
means of a PID controller which conducts the problem to its solution as depicted in
Figure 13. From its analysis, it can be observed that the problem is initiated with a fixed
combustion duration. Then, the PID controller starts to have feedback from the Python
routine, imposing new values to the combustion duration until the convergence is
achieved. The same procedure was then extended to the complete set of operating
conditions and nozzle parameters, allowing to investigate the pre-chamber quantities
by means of a simplified 1-D calculation routine. It should be remarked that the method
does not aims neither to achieve a similar accuracy than that of complex 3-D finite
volume domain nor to provide a detailed analysis of local inhomogeneities as both are
out of the capability of 1-D modelling.
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Figure 13. Temporal evolution of the actual discharge time compared to the target as well as the
combustion duration evolution.

3. Results

The results section is divided into two different subsections. First, a detailed assessment
of the proposed methodology in determining the bulk state and flows parameters for
different engine loads is presented for the baseline pre-chamber geometry (PC1).
Additionally, the state parameters are used as inputs for the flame speed correlations
to assess their relationships with the combustion process that is observed by the
methodology application. Finally, the second section intends to compare the effect of
using different pre-chamber geometries and the capacity of reconstructing the state
parameters by the methodology.

3.1. Baseline geometry (Nozzle 1)

First, the results obtained in terms of the pre-chamber combustion for the first geometry
(PC1) will be analyzed. As explained in section 2.2, the test matrix includes 3 levels of
engine load (10, 15 and 18 bar IMEP), 4 levels of intake pressure (which imply different
overall lambda levels, from 1.5 to 2.1 approximately) and a spark timing sweep for each
combination of the aforementioned parameters.

Figure 14 shows the results obtained for the pre-chamber combustion duration in terms
of the interval between the 10 and 90% of the heat release rate. In principle, the
expectation would be that shorter combustion duration would be induced as the spark
is discharged closer to top dead center, as a consequence of the higher in-cylinder
temperature, and as the intake pressure is lower, due to richer composition of the
charge that travels from the main cylinder to the pre-chamber. This is for instance the
trend that can be identified in the case of the 18 bar BMEP condition. However, it has to
be considered that there is an interaction between the testing conditions and the
equivalence ratio value inside the pre-chamber. On the one hand, delaying the spark
implies a longer duration of the filling process from the cylinder to the pre-chamber
during the compression stroke. Since the composition inside the cylinder is
characterized by a lean mixture, a longer filling process implies a lower equivalence ratio
inside the pre-chamber at the spark activation timing. This effect will be more significant
as the intake pressure of the test is higher, since it is related with even leaner mixture
in the cylinder. On the other hand, as explained in Section 2.1, the pre-chamber fuel
injection system is mechanical, so it is affected by the in-cylinder pressure evolution



during the intake process and the beginning of the compression stroke, before the
pressure inside the pre-chamber approaches the fuel injection pressure.
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Figure 14. Pre-chamber combustion duration as a function of spark timing. Left: 10 bar IMEP; center: 15
bar IMEP; right: 18 bar IMEP.

Both effects can be seen looking at the equivalence ratio values depicted in Figure 15.
First, as anticipated, the equivalence ratio tends to decrease as the spark timing is
delayed due to the effect of the longer filling process. Then, higher intake pressure
(characterized by leaner conditions inside the cylinder) tends to produce also lower
equivalence ratio conditions in the pre-chamber. The range of this variation is reduced
as the engine load increases, which is consistent also with the fact that the pre-chamber
combustion duration is less sensitive to the variations of the testing conditions at higher
load.
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Figure 15. Pre-chamber combustion duration as a function of spark timing. Left: 10 bar IMEP; center: 15
bar IMEP; right: 18 bar IMEP.

One way to better understand the different effects of the equivalence ratio and
thermodynamic conditions on the combustion duration inside the pre-chamber is to
consider the expected variation in the laminar flame speed. For this purpose, the
following correlation previously developed for methane [41] was employed:

T K 1.7 b -0.37 .
S, =S50 ( 2<[38]) (p [1ar]> Equation 4

Where T and p are the pressure and temperature conditions inside the pre-chamber,
evaluated in this case at the spark discharge, and Sio represents the laminar flame speed
at standard conditions, which is a function of the pre-chamber equivalence ratio
according to Equation 5:

Sio[m/s] = 0.422¢5 %15 ~518(¢pcn=1.075)° Equation 5



Figure 16 shows the result of the application of the correlation compared to the pre-
chamber combustion duration, confirming that there is a correlation in general between
both parameters. Nonetheless, for similar laminar flame speed values there is a clear
trend reducing the combustion duration as the load increases, related to the interaction
with turbulence generation inside the pre-chamber.
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Figure 16. Pre-chamber combustion duration as a function of spark timing. Left: 10 bar IMEP; center: 15
bar IMEP; right: 18 bar IMEP.

Figure 17 shows the information of the discharge velocity of the jet exiting the pre-
chamber and the main chamber combustion duration, as a function of the spark timing.
As it can be seen, the velocity achieved in this discharge process, which is directly
affected by the combustion inside the pre-chamber, drives the main combustion
performance. In particular, lower velocity implies lower turbulence generation in the
cylinder, enlarging the combustion duration. If these data are compared to the pre-
chamber combustion duration depicted in Figure 14, it is visible that higher intake
pressure and lower engine load imply a deterioration of both pre- and main chamber
combustion timings. This is partially linked to the fact that pre-chamber equivalence
ratio is always working in rich conditions, which is not optimal for the pre-chamber
combustion process. Therefore, a better equivalence ratio control that could be reached
changing the mechanical fuel injection system, currently present with an electronic fuel
injection, would help to enhance the pre-chamber combustion system performance.
Additionally, higher intake pressure linked to leaner conditions in the main chamber are
related to longer main chamber combustion durations, as it could be expected due to
the deterioration on flame propagation speed.
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Figure 17. Discharge velocity and main chamber combustion duration as a function of spark timing. Left:
10 bar IMEP; center: 15 bar IMEP; right: 18 bar IMEP.

Finally, Figure 18 shows the engine-out unburned HC and NOx emissions. In general,
lean conditions in the main chamber provide lower NOx and higher HC values, according
to the expectation. As it can be seen, the two highest intake pressure conditions (which
implies an overall equivalence ratio around 0.55 or leaner) are capable to provide almost
zero NOx emissions, while maintaining stable combustion. In exchange, a slight
deterioration in HC is also detected. However, this deterioration is maintained to a
reasonable level as long as the maximum intake pressure (linked to equivalence ratio
0.5) is not reached.
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Figure 18. Unburned hydrocarbons and nitrogen oxides emissions as a function of spark timing. Left: 10
bar IMEP; center: 15 bar IMEP; right: 18 bar IMEP.

3.2. Geometry comparison

Once the pre-chamber combustion has been analyzed in detail for the baseline pre-
chamber geometry (nozzle 1), this subsection focuses on the effect of the nozzle
diameter effect by means of the comparison of the results for the three pre-chamber
geometries highlighted in Table 2. Figure 19 shows the evolution of pre-chamber
combustion duration and discharge velocity for all three geometries, using the closest
possible intake pressure value achieved during the experimental work when trying to
maintain the same overall equivalence ratio. In general, it can be seen how the lower
orifices diameter is linked to shorter pre-chamber combustion durations, except for the
highest load, for which no clear impact is observed. The main reason for this behavior is
the turbulence generation inside the pre-chamber. At the same pressure ratio between
pre-chamber and the rest of the cylinder, smaller cross-sectional area would imply lower
mass flow from the main chamber to the pre-chamber during the compression stroke.
Consequently, the pressure evolution in both chambers is more similar one to another,
reducing the flow velocity during the pre-chamber filling process. Additionally, lower
diameter would be translated into lower size of the vortices produced inside the pre-
chamber, reducing turbulence dissipation. Additionally, it can be observed how shorter



pre-chamber combustion duration in terms of CA10-90 is directly linked to higher
discharge velocity, as already seen for Nozzle 1.
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Figure 19. Pre-chamber combustion duration and discharge velocity comparison between pre-chamber
geometries. Left: 10 bar IMEP; center: 15 bar IMEP; right: 18 bar IMEP.

The last result of the geometry comparison, focused on the engine-out emissions, is
depicted in Figure 20. The results confirmed the aforementioned capability of the
current combustion system to significantly reduce the engine-out NOx. However, this
effect shows an opposite trend with respect to the pre-chamber combustion duration
and velocity previously discussed. Highest discharge velocity would result in increased
turbulence inside the main chamber, maximizing turbulence and shortening the main
combustion duration. This is consistent with the reduction in the unburned HC
emissions, as a consequence of the positive impact of higher combustion velocity on the
quenching distance. But shortening the main combustion implies also an increase of the
maximum in-cylinder temperature, which directly drives the NOx emissions through
Zeldovich’s mechanism. Consequently, the pre-chamber cross-sectional area shall be
selected considering the trade-off between the combustion duration and NOx
emissions, especially if such combustion strategy is selected as a mean to achieve engine
certification together without specific NOx aftertreatment system, which is critical for
lean combustion operation.
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Figure 20. Unburned hydrocarbons and nitrogen oxides comparison between pre-chamber geometries.
Left: 10 bar IMEP; center: 15 bar IMEP; right: 18 bar IMEP.

4. Conclusions

This work has proposed a novel methodology aiming at the determination of the flow
and state parameters inside the pre-chamber and a reconstruction of the combustion
process by coupling GT-Power model and Python scripting. The methodology has been
validated and applied for conditions addressing different engine loads and pre-chamber
nozzles. Moreover, the several equivalence ratios and spark timings were included in
the assessment. The application of the methodology has allowed to draw important
conclusions:

e The methodology is useful to quantify important flow and state characteristics
inside the pre-chamber prior to the spark discharge. These parameters dictate
the pre-chamber combustion development, demonstrating a strong correlation
with the adjusted pre-chamber combustion duration.

e The impact of operating parameters, such as intake pressure, engine load and
spark timing were captured by the proposed methodology.

e The modification of the geometric characteristics such as the nozzle diameter
was modelled by the methodology, enabling the reconstruction of the
combustion process.

The results have also evidenced that the use of the methodology has enabled the
guantification of the equivalence ratio in the pre-chamber and its respective combustion
process. Moreover, it was demonstrated the interplay of nozzle velocity and equivalence
ratio in the pre-chamber with the results found in the main chamber combustion and
consequent emission formation. In this sense, it can be concluded that the proposed
framework is a useful tool to aid the investigation of pre-chamber ignition system aiming
at identifying parameters that are difficult to measure experimentally. This helps to
qguantify bulk conditions which are important to extend the operating limits towards
lean operation to achieve a cleaner and efficient combustion.
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Abbreviatures

CAD Crank Angle Degree

CFD Computational Fluid Dynamics

co Carbon Monoxide

COo2 Carbon Dioxide

DMDF Dual Mode Dual Fuel

EGR Exhaust Gas Recirculation

HC Unburned Hydrocarbons

HCCI Homogeneous charge compression ignition
IMEP Indicated Mean Effective Pressure
N Nozzle

NOx Nitrogen Oxides

PC Pre-Chamber

PFI Port Fuel Injection

PID Proportional Integral Derivative
PPC Partially Premixed Combustion

SCE Single Cylinder Engine

S Spark Ignition

TPA Three Pressure Analysis



