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Hydrogen combustion in an engine is related to the high speed of the process, the wide variability of the excess

air ratio, and the high intensity of knock combustion. This paper presents analyses of knock combustion in a TJI
engine under passive and active pre-chamber fuelling. The tests were conducted on a single-cylinder AVL 5804
test engine at n = 1500 rpm and medium load (IMEP = 3-4 bar). Attention was focused on the knock indicator —
MAPO at different excess air ratio values. The possibilities of reducing this phenomenon in the TJI engine
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during different pre-chamber fuel injection strategies and at different excess air ratio values are presented. The
probability of knock occurrence was determined cycle by cycle for several combustion cases (including a further
2 to 5 engine cycles). The paper shows that knock occurs differently in the main chamber and pre-chamber when
the engine is actively or passively fed.
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1. Introduction

1.1. Carbon and carbon-free fuels
The search for substitutes for fossil fuels leads to a re-
duction in greenhouse gas emissions (mainly CO,), while at
the same time increasing the conversion efficiency of ener-
gy sources. Hydrogen as a fuel for transport is used in fuel
cells (high-purity hydrogen — 99.97% according to 1SO
14687:2025, 1SO 19880-8:2024, and 1SO 19880-9:2024)
and in internal combustion engines (hydrogen with limited
purity) in the form of a single-component fuel or multi-
component fuel. Dual-fuel systems mainly involve the co-
combustion of hydrogen with the following fuels:
— petrol, LPG, ethanol
— natural gas or in the form of HCNG (methane, H>-CNG
blend)
— diesel
— ammonia.

1.2. Turbulent Jet Ignition combustion system

An interesting way of burning hydrogen in combination
with the above-mentioned fuels is to use a two-stage Turbu-
lent Jet Ignition system. An engine equipped with such a
system is characterised by having two combustion cham-
bers. A pre-chamber and a main chamber. The prechamber
usually does not exceed 5% of the volume of the main
chamber [20]. Ignition takes place in the prechamber, then
flames enter the main chamber through the prechamber
orifices to ignite the remaining fuel-air mixture there. The
TJI ignition system is divided into two types, with an active
prechamber and a passive prechamber. The passive pre-
chamber is filled during the compression stroke with ho-
mogeneous fuel-air mixtures available in the main chamber.
The active pre-chamber system is integrated with an auxilia-
ry fuel-metering device to accurately control the equivalence
ratio of the stratified mixture [27]. The influence of the pre-
chamber design (number and diameter of holes) on the com-
bustion process was investigated by Wakasugi et al. [24].

The results of the research showed that a small number of
orifices was advantageous for getting longer penetration
into the main chamber. The number of orifices hardly af-
fects the cone angle of the torch flame. The study also
shows that the cone angle is consistently larger for larger
orifices diameter. Excessively high jet velocity at a small-
sized nozzle increases flame stretching and cooling losses
at the orifice hole. The effect of pre-chamber orifices diam-
eter on combustion parameters in a hydrogen-fuelled TJI
engine was also analysed by Gorzynska et al. [6]. The re-
search was a numerical simulation using CFD analysis of
the combustion process inside the prechamber and main
chamber. The study showed that increasing the diameter of
the holes led to an increase in the maximum pressure in the
cylinder and the rate of heat release. An important conclu-
sion of the study is also that the maximum temperature
value in the cylinder increased with the increase in the
diameter of the holes. The presented properties of the TJI
ignition system mean that it has the potential to be used
during the combustion of dual fuels, especially in the case
of an active prechamber.

1.3. Co-combustion of hydrogen with other fuels

The combustion of pure hydrogen is usually carried out
using indirect injection (PFI) or direct injection (DI). An
analysis of direct injection of hydrogen into an engine was
presented by Liu et al. [11]. The central hydrogen injection
at medium load (10 bar) and 1500 rpm without exhaust gas
recirculation was used. The maximum indicated combus-
tion efficiency was obtained at 45% with four injector ori-
fices.

Research carried out by Giirbiiz et al. [9] involved the
use of a two-stage combustion system during the combus-
tion of hydrogen with petrol. Hydrogen was injected into
the intake manifold, and petrol was injected into the pre-
chamber (it accounted for about 2% of the total volume).
Tests were carried out with varying values of A (0.8-1.2) at
n = 2300 rpm. Increasing the excess air ratio results in an
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extension of the combustion duration in the range of 0-10%
mass fraction burned (MFB) with a corresponding increase
in the fuel dose to the pre-chamber. Increasing the dose to
the prechamber at different excess air ratios led to settling
of the load at 6.3 bar. At lower values of A a higher load
was observed (about 6.6 bar), at A = 1.2 the IMEP value
equaled 5.1 bar. The unevenness of the combustion process
(as determined by CoV(IMEP)) was greatest when using
the passive combustion chamber and increased from 0.8%
to 3.0% when increasing the excess air ratio.

The study by Shi et al. [19] was conducted on a TJI en-
gine at a relatively high compression ratio (17.5:1), excess
air ratio A = 2.1, and n = 3000 rpm. The pre-chamber was
fuelled with hydrogen, and the main chamber with gasoline.
This fuel injection strategy resulted in low NO, concentra-
tions (approximately 20-30 ppm) being recorded at 1-2
MPa hydrogen injection pressure. This value increases with
the advance of the ignition angle.

Vehicle simulation studies (AVL Cruise) performed by
Rimkus et al. [17] show that a small addition of hydrogen
(5%) to petrol results in a large increase in nitrogen oxides
concentration (by about 20%) during the WLTC test. The
addition of hydrogen also resulted in a reduction of other
gaseous components: CO by 22%, CO, by 15% and hydro-
carbons by more than 35%.

The combustion of diesel fuel with additions of hydro-
gen and natural gas was studied by Menaa et al. [13] in the
research, a dual-fuel (diesel-natural gas) was used with
various hydrogen additions (from 0 to 20% H;). The lack of
natural gas addition in the fuel resulted in a higher maxi-
mum thermal efficiency of the engine (30%) than the sys-
tem with natural gas addition. In the second case, only at
maximum load was greater efficiency achieved (around
32%).

Yang et al. [26] investigated the effect of varying hy-
drogen content in the pre-chamber, while feeding the main
chamber with methane, on engine performance. Feeding the
pre-chamber with hydrogen resulted in an increase in ther-
mal efficiency of up to 46% (with a passive chamber, the
result was about 45%). The use of the passive pre-chamber
also resulted in an increase in nitrogen oxide emissions of
approximately 70%. Fueling the pre-chamber with methane
or hydrogen rapidly reduced NO, emissions. (at A =2.0-2.1).

Combined combustion of hydrogen and ammonia (de-
spite much worse thermodynamic performance) is becom-
ing more and more important. Research by Guo et al. [8]
conducted with a TJI engine involved feeding the main
chamber with NH; + H, and pre-chamber with H, at A = 1
(in the main chamber). With an increase in the hydrogen
blending ratio from 10% to 50%, the ammonia combustion
efficiency improves from 96.9% to 98.6%, accompanied by
a significant reduction in the unburned ammonia emissions.

A simulation study of the combustion of hydrogen with
ammonia was conducted by Zue et al. [28]. Analyses were
conducted with direct mixture injection (A = 2.0-3.0) in the
range of 10-30% ammonia content. A higher value of the
excess air ratio increases the combustion duration while
sharply reducing IMEP. The highest thermal efficiency
(47.5%) was obtained at 20% NH; and A = 2.5 (increase or
decrease of A resulted in a deterioration of efficiency).

Consideration of the use of hydrogen in combination
with conventional and alternative fuels shows that its high
reactivity can bring benefits in terms of thermal efficiency.
Hydrogen as a carbon-free fuel may also prove to be a way
of reducing emissions of harmful carbon compounds such
as unburned hydrocarbons, CO, and CO. An engine with
a TJI ignition system is a promising way to use hydrogen
together with previously mentioned fuels, but it is important
to first investigate the effects of TJI engine operating condi-
tions on knocking combustion during hydrogen combus-
tion.

1.4. Knock during combustion of hydrogen

Knock combustion is assumed to be incorrect combus-
tion of air-fuel mixture resulting in the generation of uncon-
trolled pressure waves acting against the main combustion
source leading to a decrease in overall engine efficiency
[12]. For conventional liquid fuels, an octane number is
determined which indicates the resistance of the fuel to
knocking combustion. The octane number scale is deter-
mined by comparing fuels with two standards, heptane,
which has an octane value of 0, and iso-octane, which has
an octane value of 100. In the case of liquid hydrogen,
a laboratory octane number in excess of 130 has been rec-
orded, meaning that in this form it has a high resistance to
knocking. However, it is noteworthy that for the methane
number used for gaseous fuels, hydrogen is used as a stand-
ard, which has a 0 on this scale, meaning that in its gaseous
state of matter it is a fuel susceptible to knock combustion
[23]. Hydrogen as a fuel has a wide flammability range
(A = 0.14-10), a low minimum ignition energy (0.017 mJ),
and a high laminar combustion rate (2.91 m/s) [2, 4, 5].
However, the process of hydrogen combustion in an inter-
nal combustion engine generates some problems, and the
main reason for that is the dual nature of hydrogen knock. It
consists of two mechanisms, heavy and light knock. The
first one is described as air-fuel autoignition at the end of
the combustion stroke caused by high temperature and
pressure in the combustion chamber. Light knock is the
unstable combustion of an ignited air-fuel mixture initiated
by a controlled source of combustion [12]. Investigating the
range of occurrence and intensity of knocking combustion
during hydrogen combustion in a TJI engine with active
and passive injection modes is an important element in
considering it use as a fuel.

2. Materials and methods

2.1. Test bench

The pre-chamber injection strategy was examined using
a single-cylinder AVL 5804 research engine. The technical
data are shown in Table 1. The engine was equipped with a
pre-chamber with a volume of Vpc = 2.1 cm?® and 6 orifices
with a mean diameter of 1.7 mm. The engine was fed with
hydrogen in two variants: with a passive pre-chamber
(without fuel supply to the PC), with an active pre-chamber
(with fuel supply to the PC).

The engine is equipped with an 8-channel AVL In-
diSmart high-speed measurement system. The test bench
includes flow meters for intake air (Sensyflow ABB), hy-
drogen in the main chamber (Bronkhorst 111AC-70K), and
hydrogen in the pre-chamber (Bronkhorst 111B-100).
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Fig. 1. Schematic diagram of the test bench for hydrogen combustion in

A broadband LSU 4.9 lambda sensor was used to meas-
ure the oxygen content in the exhaust gases. Along with the
LSU 4.9 sensor, an LCP80 controller, adapted for oxygen
measurement during hydrogen fueling, was employed. The
ECU Master EMU Black system was used to control the
electronic throttle and ignition timing. Basic information on
the control and measurement equipment is provided in
Table 2.

Table 1. Engine specification

a two-stage combustion system (with an active or passive pre-chamber)

High-speed measurements were carried out during the
analysis of 100 consecutive engine cycles. Measurements
were taken of the combustion pressure in both engine
chambers, the ignition point, fuel injection into the intake
manifold, and the pre-chamber. In addition, the excess air
ratio, throttle position, pressure, and temperature in the
engine intake and exhaust systems were recorded.

2.2. Scope of the research
The research work aimed to analyse hydrogen combus-
tion in an engine with a two-stage combustion system,

Engine type AVL 5804; 4-valve; TJI, passive, active . . .
gmep pre_chambef focusing on knock combustion. For both combustion cases
Bore x stroke 85 x 90 mm (passive, active), the ranges of the knock combustion de-
Compression ratio 14.5:1 fined by the MAPO coefficient were determined. The full
Pre-chamber volume 2.1 cm’ scope of the research work is shown in Table 3.
Main chamber volume 510 cm®
Table 3. Scope of work on knock combustion of the TJI engine
Table 2. Measurement equipment used during the knock combustion -
experiment Passive pre-chamber
. Producer, measurement uti A 1.25;1.35; 1.50; 1.60; 2.00
Equipment range Resolution CoC var; 2 deg; each successive one was due to
) ABB SensyFlow error < an increase in ignition delay
Alir flow meter 0-720 kg/h +£0.8% Ignition regulated, CoC-dependent
Bronkhorst 111B-100 IMEP 3.5-4.0 bar
Fuel flow meter PC 0.16-25 In/min +0.1% FS n 1500 rpm (COHSt)
Fuel flow meter MC Bronkhorst 111AC-70K +0.1% FS Active prechamber
0.4-100 In/min 1620 25 30
Acquisition system AVL IndiSmart; 8-channels 0.1 deg A 2.d7 — h L - g
Pressure sensor PC Kistler M3.5 6081 AQ22 0-25 MPa CoC = 0€g, eac succes(s:l\iezone was due to an
Pressure sensor MC AVL GH14D 0-25 MPa i increase in Aqo_PC =2 ms
Inlet air temp. Linuatherm Pt 100 -30-180°C gnition gonst b
Inlet air pressure Wika A-10 0-10 bar IMEP 1'5_4' ar
Exhaust temperature Czaki K thermocouple 0-1000°C n 50d0 .rpm (CF’HSt)
Exhaust pressure Wika A-10 0-10 bar mode: const;
AT mass flow: 166.7 g/h
LSU 4.9 + LCP 80 MC injection control Lo
Lambda sensor _ 0.1 injection time: 7 ms
A=0.7t0125 strategy L “7h
Injection control 0-20 ms gqo_MC Injection pressure: 7 bar
! Mechatronika 101 ' - fuel dose: 3.76 mg/inj
system I - ms fuel dose energy: 450 j/inj
Ignition contro ECU Master 0.5 deg mode: var
system EMU Black .
hrottl | h 32 MC injection control mass flow: 0-10 g/h
Thrattle coniro BOSCO EQI)Ec)i mm 1 deg strate Jies injection time: 0—10 ms (At = 2 ms)
System —JU deg o P(g: injection pressure: 5 bar
4o fuel dose: 0-0.23 mg/inj
fuel dose energy: 0-28 J/inj
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Hydrogen combustion in the passive combustion system
was achieved by adjusting the ignition timing to obtain
a 2-degree delay in the Center of Combustion (CoC). In this
manner, measurements were taken from CoC = 2 deg to
CoC =18 deg aTDC. The excess air ratio was kept constant.

Hydrogen combustion in the active mode was carried
out with a constant ignition timing and a simultaneous
increase of the fuel dose to the pre-chamber. The amount of
fuel dose to the main chamber was constant. Increasing the
amount of fuel injected into the pre-chamber accelerated
the combustion centre towards TDC, for which reason the
dose was reduced at several test points. Increasing the dose
to the pre-chamber resulted in a change in the magnitude of
the global excess air ratio, which varies in the range where
knock combustion occurs. This range of global excess ratio
was also taken into account in the results of the study.

2.3. Methodology for interpreting knock combustion

MAPO (maximum amplitude of pressure oscillation) is
the most commonly used evaluation indicator in knock tests
[3, 10]. It indicates the intensity of the impact generated by
the abnormal combustion:

)

where N — number of cycles, |p| — filtered cylinder pressure
(explained further), IGN — ignition angle, KN — duration of
knock combustion.

As MAPO increases, the tendency and intensity of
knock combustion rise. There is currently no clear MAPO
value that indicates knock combustion. The threshold level
depends on the type of engine [3, 10]. The magnitude of the
limit has been defined differently: Szwaja and Naber [22] set
the value of the knock combustion border at 1 bar. The same
value is used by many authors in their studies [14, 21, 25].
Aramburu et al. [1] used a knock combustion limit of MAPO
= 4 bar in their study on a 6-cylinder engine with a displace-
ment of 5883 cm®. The same MAPO limit was used by Pla et
al. [15], despite the fact that the displacement of the indirect-
injection engine was only 1300 cm®. For engines with a large
displacement (5 dm*/cyl.), the MAPO value was increased to 5

1 -
MAPO = EZIII maXlGN,IGN+KN|p|

bar [7]. Otherwise, the parameter depended on the filter size.
Puzinauskas [16] highlighted two ranges: 4-9 kHz, with
MAPOQ limit = 0.15 bar, and at 4-12 kHz, with MAPO limit
= 0.23 bar. Shi et al. [18] attempted to correlate MAPO with
the maximum value of average luminance, achieving an
R-squared fitting value of 0.67. This indicates that MAPO
follows a moderate exponential relationship with the peak
average flame brightness, and that greater knock resistance
results in a higher peak average flame intensity brightness.

The knock combustion analysis was carried out accord-
ing to the scheme shown in Fig. 2. The cylinder pressure
curve recorded during the combustion process (1) was digi-
tally filtered at 4 kHz. Then, deviations from the mean
value within the 4-20 kHz range were extracted in the form
of MAPOx (2). Positive and negative oscillations were
presented as absolute values — PP (3). Based on this, the
maximum oscillation changes — PPmx — were determined
for each cycle (from the 100 cycles analyzed — (4)).
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Fig. 2. Calculation process of MAPO
3. Results and discussion

3.1. Combustion with passive pre-chamber

The combustion process was analysed at different val-
ues of A and varying CoC settings. Pressure changes in both
chambers are shown in Fig. 3.
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Fig. 3. Combustion pressure: a) in the pre-chamber PC; b) in the main chamber MC, at different CoC values at n = 1500 rpm; A = 1.25, passive pre-
chamber
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The initiation of the combustion process in the pre-
chamber (Fig. 3a) occurs near TDC. Then flames from the
pre-chamber enter the main chamber, thereby igniting the
fuel-air mixture. Significant pressure oscillations are ob-
served in the main chamber, which are indicative of knock
combustion (Fig. 3b). An analysis of the operating point A
= 1.25 with varying CoC is shown in Fig. 3a. The occur-
rence of knock combustion is visible at each CoC value.
Even a significant ignition delay (CoC = 14 deg aTDC)
indicates the presence of knock combustion.

3.2. Combustion with active pre-chamber

Figure 4 shows the pressure in the cylinder (main
chamber) during use of the active pre-chamber with varia-
ble A and changing fuel dose to the pre-chamber. Increasing
the fuel injection to the PC (Fig. 4a) results in a reduction

of A with a simultaneous rise in combustion pressure at the
PC and MC (Fig. 4b). At the same time, an enhancement of
the pressure peak responsible for ignition in the prechamber
is observed.

The absence of fuel injection into the pre-chamber caus-
es combustion to deteriorate at low A, although the process
can still occur. For a lean air-fuel mixture and no injection
into the pre-chamber, a lack of combustion is observed.

3.3. Knock combustion analysis during passive
pre-chamber use
To obtain the MAPO magnitude (equation 1), a digital
filtering process was performed on the cylinder pressure
signal (at f = 4 kHz, in the angular range 0—70 deg with
pressure signal resolution Aa. = 0.1 deg). The results of the
high-pass filter were used for further analyses.
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Fig. 4. Combustion pressure: a) in the pre-chamber; b) in the main chamber, at different excess air ratio values resulting from changes in the fuel dose
supplied to the pre-chamber at n = 1500 rpm; active pre-chamber; each graph shows the basic excess air ratio and the adjusted excess air ratio (coloured),
which change as the changes of fuel dose in pre-chamber (At = 2 ms)
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Fig. 6. Maximum MAPO value for each of the 100 cycles: a) in the pre-chamber (MAPO_PCcycle), b) in the main chamber (MAPO_MCcycle), for
different CoC and various excess air ratios (active pre-chamber). Each graph shows the basic excess air ratio and the adjusted excess air ratio (colored),
which change as the changes of fuel dose in the pre-chamber (At = 2 ms)

During the combustion pressure analysis, it was ob-
served that MAPO reaches lower values in the pre-chamber
(Fig. 5a) than in the main chamber (Fig. 5b). The study
used a passive pre-chamber, so the amount of fuel was not
regulated directly inside this chamber. The amount of fuel
in the pre-chamber was determined only by the global value
of X obtained by injecting fuel into the intake of the engine.
A reduction in pressure oscillations has been achieved in
the pre-chamber compared to the main chamber. The abso-
lute maximum values of MAPQO_PC relative to MAPO_MC
are more than doubled in the range of A < 1.5. At higher
values of A these changes are smaller and at L = 2.0 the
maxima are the same.

In the following section, a full MAPO_MC analysis was
carried out for each engine cycle at A = var and CoC = var
(Fig. 5a). Figure 5b shows that increasing the excess air
ratio reduces knock combustion. In addition, in the range of
each value of A, increasing the CoC also limits the maxi-
mum oscillation of the combustion pressure. It is worth
noting that when knock combustion occurs during hydrogen
combustion, it is more effective to temporarily reduce the
excess air ratio than to delay its ignition (or CoC).

As mentioned earlier, the papers [21, 22, 25] assume that
the MAPO limits indicating the occurrence of knock are
MAPO > 1 bar. Taking the above conclusions into account, it
can be stated that in the passive pre-chamber, both normal
and abnormal (knock combustion) cycles occurred under all
conditions. However, it can be assumed that at A > 1.5 and
high CoC values, knock combustion in the pre-chamber is
almost non-existent. For A = 2.0, knock combustion in the
pre-chamber did not occur — regardless of the CoC. Analysis
of the same conditions in the main chamber (MC) indicates
the absence of knock combustion only at A = 2.0.

3.4. Knock combustion analysis during active
pre-chamber use

The next step of the research was to analyse the identifi-
cation and evaluation of the intensity of knock combustion
in the active pre-chamber and main chamber at different
engine operating parameters. Figure 6 shows the calculated
MAPO values for PC and MC, respectively.

From the results, it can be concluded that the leaner the
mixture is, the lower the tendency for knock combustion to
occur. Furthermore, usually knock combustion is more
intense in the pre-chamber than in the main chamber. This
is particularly evident for A = 2.5 and A = 3.0. Moreover,
more intensive knock combustion was recorded at lower
CoC values, which means that better combustion conditions
occur when an active pre-chamber with a higher dose of
injected hydrogen is used. In the case of a fuel-air mixture
with A = 1.6, knock combustion occurs in most of the en-
gine operating conditions. When CoC occurs after 7 de-
grees aTDC, knock combustion no longer occurs in the
prechamber, while it continues to occur in the main cham-
ber.

3.5. Average MAPO analysis with passive PC

Analysis of the global MAPO index for both combus-
tion chambers (Fig. 7a) shows significantly higher values in
the main chamber than in the pre-chamber. The highest
MAPO values of 4.5 (at A = 1.25) were recorded when CoC
= 4 deg aTDC. When increasing the excess air ratio, the
MAPO index obtains almost constant values with a tenden-
cy to decrease slightly with increasing CoC. When A = 2.0,
the MAPO remains constant at 0.5 bar, indicating the ab-
sence of knock combustion.

Analysis of MAPO in the pre-chamber (passive) shows
much smaller variations in this indicator. The maximum
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MAPOQ is 1.5 bar at A = 1.25 (and then decreases to around
1.0 bar). A similar trend of decreasing MAPO is observed

when increasing A.
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Fig. 7. Knock combustion analysis of the passive chamber: a) average
MAPO_MC vs. average MAPO_PC indicators; b) knock combustion
occurrence based on threshold values (referenced to 100 analyzed cycles)

Then the number of cycles during which knock combus-
tion occurred (cycles at which MAPO > 1 bar) was counted.
With 100 measuring cycles, the percentages correspond to
the absolute number of cycles.

The analysis carried out with the AVL Concerto system
indicates that at low excess air ratio (A < 1.5) the number of
knock cycles in the main chamber is almost 100% (Fig. 7b).
While A = 1.35 and CoC > 12 deg aTDC, the occurrence of
knock decreases slightly and reaches 95%. When A = 1.5,
the highest number of knock cycles occurs at CoC = 2 deg
aTDC and equals Count. MAPO_MC = 97%. When L = 1.6
the number of knock cycles ranges from 86% (CoC = 2 deg
aTDC) to 44% (at CoC = 18 deg aTDC). The minimum
number of knock combustion cycles was recorded at A =
=2.0: itis only 1% at several operating points, regardless of
the CoC.

In the pre-chamber, the number of knock combustion
cycles was never 100%. At A = 1.25, the occurrence of
knock combustion was 99%. When CoC occurred at 18 deg
aTDC the number of knock cycles was 56%. With each
higher value A — the number of knock combustion cycles
was lower. When A = 1.5 and A = 1.6 the number of knock
combustion cycles in the pre-chamber was about 40% less
than in the main chamber — and decreased with increasing
CoC. When A = 2.0 in the pre-chamber, only at CoC = 2
deg aTDC and at CoC = 4 deg aTDC, the number of knock

cycles was higher than in the main chamber. For the higher
CoC, there was no knock in the pre-chamber during any of
the analysed engine cycles.

3.6. Average MAPO analysis with active PC

Controlling the combustion in the active pre-chamber
system involved increasing the fuel dose in the PC, which
had the effect of reducing CoC. This type of regulation
results in an increasing MAPO in the PC and MC while
limiting the CoC. For A = 1.6 and A = 2.0 MAPO value is
well above the 1 bar (Fig. 8a). When combusting a very
lean air-fuel mixture (A = 2.5 and A = 3.0) MAPO was
limited. However, it was always higher in PC than in MC.

An analysis of the number of knock combustion cycles
(Fig. 8b) shows the high occurrence of knock combustion
when A < 2.0. A higher number of knock cycles was rec-
orded under these conditions in PC than in MC. When A =
= 3.0 knock combustion is completely eliminated in MC,
while it still occurs in PC (at low CoC values).
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Fig. 8. Knock combustion analysis of the active chamber: a) average

MAPO_MC vs. average MAPO_PC indicators; b) number of knock com-

bustion events based on threshold values (referenced to 100 analyzed
cycles)

3.7. Assessment of the probability of knock combustion
occurrence

The analysis of knock combustion was presented in the
previous chapter. An assessment of the occurrence of knock
combustion per 100 engine cycles is also included there.
The probability of knock combustion occurring cycle-by-
cycle is analysed below. The following analysis covers
knock combustion of two, three, four and five cycles occur-
ring in sequence. This comparison was made for passive
and active pre-chamber.
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The probability of knock combustion of two cycles oc-
curring in succession was determined as cycle-to-cycle —
CTC(2). Similarly, the subsequent values of the 100-cycle
combustion were determined cycle-by-cycle.

The probability of cycle-by-cycle knock combustion in
the passive chamber was carried out during combustion at
A = 1.25; 1.35; 1.5 and 1.6. Cycle-by-cycle combustion at
A = 2.0 was not analysed, because the occurrence of knock
in this case was very low (Fig. 7b).

An analysis of the probability of knock combustion at
A = 1.25 shows the virtually continuous occurrence of this
phenomenon. The number of knock cycles in the MC was
99, so the probability of abnormal combustion is CTC(2) =
= 98%. The value for five consecutive knock cycles is
CTC(5) = 95%. These values barely change when delaying
the occurrence of the combustion centre (Fig. 9a). Analysis
of knock combustion in the pre-chamber shows slightly
different figures. As the CoC increases, the number of
knock combustion cycles decreases. The probability of
obtaining 50% of the cycles with CTC(5) combustion does
not occur at CoC = 14 deg aTDC. For the remaining (lower
CTC values), knocking combustion with a probability of
50% occurs for all other CTC values.

Analysis at A = 1.35 reveals that in the main chamber,
the change in CTC value is linear (Fig. 9b). In contrast, in
the pre-chamber, the CTC(3) value takes on a much lower

probability than CTC(2). A linear decrease in probability is
observed during CTC(4) and CTC(5).

During combustion at A = 1.5, a linear decrease in the
probability of successive knock cycles is observed with
increasing CoC. A similar trend is also observed in the pre-
chamber. With a CoC above 8 deg, the probability of knock
combustion with a CTC(2) value reaches less than 40%.

When A = 1.6, the analysis shows that knock combus-
tion is significantly less probable at CTC = 2. In the pre-
chamber at CTC(2), knock combustion reaches 50% (at
CoC = 2 deg aTDC). With an active pre-chamber, knock
combustion has the highest probability when the centre of
combustion occurs earlier (Fig. 10a). In this case, it is
observed that the probability of cycle-by-cycle knock com-
bustion is higher in PC than in MC. This is caused by the
fact that a small CoC is achieved by increasing the fuel
dose to the pre-chamber.

Figure 10b also shows the above trend. At A = 2.0,
knock combustion in PC is much more likely than in MC.
These values are independent of CoC.

At high values of A (Fig. 10c), knock combustion occurs
only in the pre-chamber. In the worst-case scenario, it has a
probability of more than 60% (regardless of the following
cycles. However, CTC(2) analysis shows that the probabil-
ity is reduced to 40% (at CoC = 3 deg aTDC).
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Fig. 9. Probability of two to five subsequent knock cycles at different excess air ratio values (passive pre-chamber): a) at A = 1.25, b) at A = 1.35,
c)atA=15,d)yatA=1.6
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4, Conclusions

1.

During tests with a passive pre-chamber, MAPO is
more than 2 times higher in the MC chamber than in the
PC. It decreases with an increase in the excess air ratio.
During tests with the active pre-chamber, the MAPO
value reached a similar value in both chambers (for A =
= 1.6). However, for more lean air-fuel mixtures,
MAPO in the PC is higher than in the MC. This situa-
tion persists until A = 3.0, after which knock occurs only
in the pre-chamber.

Knock combustion in the passive pre-chamber system
occurs when A reaches low values and remains high up
to A = 1.6. When A = 2.0, knock combustion is strongly
limited by the excess air ratio. A significant reduction of
knock combustion is possible by delaying the combus-
tion centre (independent of the excess air ratio).

4.

Knock combustion in the active combustion chamber
system occurs up to A = 2.0; it is more frequent in PC
than in MC.

In the passive pre-chamber system, the probability of
knock combustion in 3 consecutive cycles (CTC(3)) is
strongly reduced when an increase in A and does not oc-
curat A >3 and CoC > 8 deg.

The probability of knock combustion with an active pre-
chamber is higher in the PC than in the MC. Once the
CoC > 5 deg aTDC is exceeded, the probability drops
rapidly to minimum values regardless of A.
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