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Abstract: Hydrogen-fueled engines require large values of the excess air ratio in order to achieve high
thermal efficiency. A low value of this coefficient promotes knocking combustion. This paper analyzes
the conditions for the occurrence of knocking combustion in an engine with a turbulent jet ignition
(TJI) system with a passive pre-chamber. A single-cylinder engine equipped with a TJI system was
running with an air-to-fuel equivalence ratio λ in the range of 1.25–2.00, and the center of combustion
(CoC) was regulated in the range of 2–14 deg aTDC (top dead center). Such process conditions made it
possible to fully analyze the ascension of knock combustion until its disappearance with the increase
in lambda and CoC. Measures of knock in the form of maximum amplitude pressure oscillation
(MAPO) and integral modulus of pressure oscillation (IMPO) were used. The absolute values of
these indices were pointed out, which can provide the basis for the definition of knock combustion.
Based on our own work, the MAPO index > 1 bar was defined, determining the occurrence of
knocking (without indicating its quality). In addition, taking into account MAPO, it was concluded
that IMPO > 0.13 bar·deg is the quantity responsible for knocking combustion.
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1. Introduction

Modern automotive engine engineering focuses not only on efficiency and perfor-
mance but also on minimizing the negative environmental impact of vehicles. One of
the improper phenomena accompanying the combustion process in the engine cylinder
that has raised concerns among engineers and environmentalists is the phenomenon of
knock combustion. Contrary to its name, the origin of which is the characteristic sound
accompanying this phenomenon, knock combustion is not only undesirable, but also ab-
normal. Studies of knock combustion often focus on its onset, which is determined by the
chemical kinetics governing auto-ignition as pressure and temperature rise in the unburned
air–fuel mixture during the engine cycle. Complex chemical, such as the composition of the
fuel mixture [1,2], and physical relationships influence the formation of this phenomenon,
making its control a key aspect in improving engine design [3].

Importantly, knock combustion not only poses a challenge to engineers working
on engine efficiency and durability but is also associated with negative environmental
impacts [4]. Increased exhaust emissions introduce additional burdens on the atmosphere
and also pose a threat to human life and health [5].

1.1. Knock Combustion in Conventional Internal Combustion Engines

Simulation studies of methanol combustion under knocking conditions with different
exhaust gas recirculation (EGR) involvement were conducted by Li et al. [6] The results
show that the introduction of EGR into the combustion chamber can reduce the intensity of
knocking combustion and delay the time of occurrence of knocking combustion. Without
EGR, the inlet side of the combustion chamber is most susceptible to knock combustion.
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As the EGR rate increases, the exhaust side of the combustion chamber is most susceptible
to knock combustion.

Wei et al. [7] conducted research on an engine fueled by n-butanol with recirculated
exhaust gas. The research work was conducted on a Ricardo E6 engine (injection into
the intake port) at n = 1500 rpm and under stoichiometric combustion conditions. The
proportion of EGR varied from 0 to 8%. The results of the study show that EGR can reduce
the intensity of knock combustion and delay the time of onset of knock combustion due to
its cooling and diluting effect. It was observed that at a low EGR level of 3%, the intensity
of knock combustion of n-butanol is significantly reduced, while the combustion pressure
has a slight change.

In a study by Liu et al. [8], the same engine (turbulent jet ignition, TJI) was fueled with
kerosene using a dual spark plug ignition system. Implemented pre-chamber jet ignition
(PJI) can improve the heat release rate, accelerate the combustion phase, and improve the
stability of kerosene combustion, but it can also worsen the intensity of knock combustion
without adjusting the ignition timing.

1.2. Gasoline-Fueled Knock Combustion Tests in Pre-Chamber Systems

In a pre-chamber ignition system, multiple turbulent flame jets from a pre-chamber
burn the main combustion chamber mixture in a much shorter duration compared to an
otherwise slow-burning lean mixture with a conventional spark ignition (SI) system [9].
The shorter burn duration leads to a reduction in the end-gas residence time at elevated
pressure and temperature and hence has the potential to reduce engine knock.

Palakunnummal et al. [10] conducted research on a gasoline-fueled engine equipped
with a pre-chamber. Their analysis of high-pass filtered pressure signals indicates signifi-
cantly higher values of pre-chamber pressure than in the main chamber. This is true for
both engine speeds analyzed (n = 6000 rpm and 7500 rpm) at λ = 1.2 and 1.4.

Similar research on the pre-chamber system of a gasoline-fueled engine was conducted
by Corrigan et al. [11]. They used a passive combustion chamber with a volume of less than
3% of the main chamber. Such pre-chamber sizes are referred to as a “small pre-chamber”
based on the classification presented by Toulson et al. [9]. A 35 MPa direct-injection fuel
injector is mounted laterally on the intake side. Maximum amplitude pressure oscillation
(MAPO) values in retarded conditions were found to be significantly higher for the pre-
chamber combustion in comparison to the conventional spark ignition engine.

Other optical tests with a pre-chamber system [12] were conducted in a modified
constant-volume gasoline engine using a passive combustion chamber. A pre-chamber
with several variations in the number of flow-hole diameters was used: 4 × 1.2 mm;
4 × 1.4 mm; 4 × 1.6 mm; 6 × 1.2 mm and 10 × 1.0 mm. It was observed that PC combustion
demonstrates the potential to mitigate knock or extend the knock limit due to its rapid burn
rate and reduced end gas residence time. It was observed that PC combustion exhibited
fewer intense knock cycles compared to SI, indicating an advantage in suppressing knock
intensity, particularly in severe outlier cycles. It was also observed that both SI and PC
knock locations were primarily observed as end gas knock near the chamber liner, where
the unburned air–fuel mixture undergoes high pressure and temperature trajectories.

Currently, there are many methods for determining knock combustion. These involve
spectral data [13–15] or combustion pressure filtering [16–18]. The evaluation of knock
intensity is mostly dependent on cylinder change, and the evaluation indicators for knock
mainly include MAPO, IMPO, and maximum pressure rise rate (MPRR) [16,19–23].

In knock research, the most widely used evaluation index is MAPO [16]. It displays
the impact intensity generated by knock:

MAPO =
1
N

N

∑
1

max
ST, ST+W

|p̃| (1)
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where the N represents the calculated cycle number, the p is the filter pressure in the
cylinder, dα represents the crank angle at knock occurrence, ST is spark timing and W is
the duration of knock combustion. The larger MAPO is, the greater are the tendency and
intensity of knock. IMPO is a way to represent the energy contained in the high frequency
oscillations of the cylinder pressure signal, which occurs due to knock:

IMPO =
1
N

∫ ST+W

ST
max

ST, ST+W
|p̃|dα (2)

There is currently no clear MAPO value indicating knocking combustion. The thresh-
old level closely depends on engine features [16]. The limiting magnitude was defined very
differently: Thomas et al. [24] used a MAPO level of 0.9 bar. Szwaja and Naber [25] set
the knock limit at 1 bar. The same value is used by many authors in their studies [26,27].
Aramburu et al. [28] used a knock limit of MAPO = 4 bar in their study of a six-cylinder
engine with a displacement of 5883 cm3. The same MAPO limit was used by Pla et al. [29],
even though the displacement of the direct-injection engine was only 1300 cm3. For engines
with larger cylinder capacity (5 dm3/cyl.), the MAPO value was increased to 5 bar [30]. In
another case, this value depended on the size of the filter. Puzinauskas [31] distinguished
two ranges: 4–9 kHz, in which case the MAPO limit is 0.15 bar, and at 4–12 kHz the MAPO
limit is 0.23 bar. Shi et al. [32] made an attempt to relate MAPO to peak mean luminosity,
obtaining a magnitude of fit R-squared curve-fitting of 0.67. This indicated that the MAPO
follows a moderate exponential relationship with the peak mean flame luminosity, and
higher knock strength brings a higher peak of mean flame intensity. As demonstrated
by that study, there are many publications that assume the occurrence of knock when
MAPO > 1 bar. In the paper, no distinction was made between the forms of light or strong
knock. The maximum MAPO values obtained in the study do not indicate the occurrence
of strong knock. For this reason, the study was limited only to the determination of the
knocking threshold with the omission of quality determination.

1.3. Characteristics of Hydrogen Combustion

Hydrogen is one of the cleanest fuels in terms of emissions (no COx or soot) combined
with a high gravimetric energy density compared to other fuels [33]. The amount of energy
released during hydrogen combustion (LHV: 120 MJ/kg) is about two and a half times the
heat of combustion of typical hydrocarbon fuels (gasoline: 45 MJ/kg or methane: 50 MJ/kg).
The disadvantage of using hydrogen is its low volumetric density. The flash point is also
extremely low (−253 ◦C), resulting in high flammability among various fuels. The range
of 4–75% H2 content in air allows ignition and explosiveness at normal temperature. The
octane number with respect to lean mixtures is also very favorable (130). In internal
combustion engines, hydrogen delivery technology is divided into indirect injection and
direct injection. Indirect injection causes pre-ignition, knock and backfiring issues due
to lower ignition energy and quenching distance of H2 [34]. Direct injection, pressure-
boosted H2 benefits from increased engine performance ratings and reduced exhaust
emissions [35]. The use of hydrogen (as a single fuel) under highly diluted conditions
results in reduced knocking combustion and low nitrogen oxide emissions, while increasing
engine performance and efficiency [36–38].

The objectives of this research were:

• to determine the conditions of knocking combustion in the TJI system in the main
chamber and the pre-chamber taking into account the variation of the excess air ratio
and the center of combustion locations;

• to obtain numerical indices of knock combustion, especially in terms of IMPO index;
• to make a comparison of knock combustion indices: MAPO and IMPO in both com-

bustion chambers.
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2. Methodology of the Research Work
2.1. Test Stand

Analyses of the combustion process were conducted on a single-cylinder AVL 5804
research engine, equipped with a two-stage combustion system—TJI. The current tests
used a passive combustion chamber (fuel was supplied only to the intake manifold, which
reached the main combustion chamber). No fuel was supplied to the chamber; it was only
the site of ignition initiation of the charge near the spark plug electrodes. The burning
charge outflow from the pre-chamber reached the cylinder volume, causing surface ignition
of the main mixture (Figure 1). The 510 cm3 engine was fueled with hydrogen at 7 bar
pressure. The engine was loaded with an AMKASYN asynchronous electric machine. The
technical data of the test stand are shown in Table 1.
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Figure 1. Schematic of the measurement system analysis for the two-stage combustion system with
the AVL 5804 engine and the apparatus for engine indication (green color: gas flow; dark green:
electric control signal; red: signal to acquisition; violet: output signal).

Table 1. Technical data of the single-cylinder test engine used.

Parameter Unit Value

Engine – 1-cyl., 4-valve, SI, TJI
Fuel type – hydrogen

Fuel pressure bar 7 bar
Displacement dm3 0.5107
Bore × stroke mm 85 × 90

Compression ratio – 15.5

Fueling – PFI (EM injectors);
passive pre-chamber

Air system – naturally-aspirated

Dyno – AMKASYN
AVL AMK DW13-170
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2.2. Measuring Equipment

The fuel mass flow rate was measured with a Micro Motion ELITE CMFS010M (by
Emerson) flowmeter using the Coriolis principle. This type of flowmeter allows it to be used
for methane as well as hydrogen without calibration, unlike thermal flowmeters. Control
of the PFI fuel system was performed through a controller manufactured by Mechatronika
by setting a constant start of fuel injection at the angle of α = 240 deg bTDC (top dead
center). The air mass was measured with a Sensycon Sensyflow thermal mass flow meter
from ABB. The engine’s air and hydrogen supply lines were equipped with vessels to
compensate the pressure pulsations. The throttle and ignition were controlled using an
open Engine Management Unit—EMU Black by Ecumaster. The ignition system in the
chamber (passive pre-chamber) consisted in the Beru pencil coil and the M10 spark plug.
The coil control enabled setting both the coil charging time (tch = 3 ms) and the ignition
timing. The excess air ratio was measured with an LSU 4.9 lambda sensor and an LCP80
controller. Analyses of the combustion process were carried out using an 8-channel AVL
IndiSmart data acquisition system, which was used to measure cylinder pressure in the
main chamber (P_MC), pre-chamber (P_PC), main chamber fuel injection time (t_MC),
and ignition waveform (Ign). Using a data acquisition equipment, 100 engine cycles were
recorded for each point. Pressure sensors were used in both combustion chambers (in
the main chamber: AVL GH14D and in the pre-chamber: Kistler M3.5). Engine operating
parameters were recorded with a resolution of 0.1 deg CA. In addition, pressure and
temperature sensors were used in the intake and exhaust systems, the data of which are
shown in Table 2.

Table 2. Technical data of the test equipment and sensors used.

Parameter Name Value

Indicating system AVL IndiSmart 8-canal, 0.5 deg CA;
crank angle AVL 365C

Pressure sensor (MC) AVL GH14D 0–25 MPa
Pressure sensor (PC) Kistler M3.5 6081 AQ22 0–25 MPa

Air flow meter ABB SensyFlow 0–720 kg/h; error < ±0.8%
Injection control Mechatronika 0–20 ms; ±0.1 ms

Methane, hydrogen flowmeter Micro Motion ELITE
CMFS010M Coriolis Meter 0.1–2 kg/h; accuracy ±0.25%

Lambda probe Bosch LSU 4.9 0.7 to 12.5
Throttle Bosch ETB 32 mm ±1 deg

The combustion chamber was equipped with a 6-holes pre-chamber capacity of
2.29 cm3. This value accounted for 0.45% of the total engine stroke volume (at BDC)
and 6.6% of the capacity (at TDC).

3. Results of the Engine Tests
3.1. Overall Test Results

The combustion process was analyzed at different values of λ and varying center of
combustion (CoC) settings (as shown in the methodology of the research work). Examples
of pressure values in the main chamber and in the pre-chamber are shown in Figure 2. It can
be seen that the initiation of the combustion process in the pre-chamber (blue line) is close
to TDC (Figure 2a). Subsequently, flames from the pre-chamber ignite the air–fuel mixture
in the main chamber. Significant pressure fluctuations indicative of knock combustion were
observed in the main chamber. A full analysis of the operating point λ = 1.25 at varying
values of CoC is shown in Figure 2b. The occurrence of knock combustion at any value of
CoC is evident. Even a large ignition delay (CoC = 14 deg aTDC) indicates the existence of
knock combustion. This means that there is such an excess air ratio that even a significant
ignition delay (associated with CoC delay) does not lead to the end of knocking.
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Figure 2. Example of combustion pressure waveform: (a) in both preliminary and main chambers;
(b) in the main chamber at different combustion center values (n = 1500 rpm; λ = 1.25).

3.2. MAPO Analysis

In order to obtain the MAPO magnitude, a digital filtering process was performed
on the cylinder pressure signal (at f = 4–20 kHz, in the angular range of 0–70 deg with
a pressure signal resolution of ∆α = 0.1 deg). The selected frequency range is the most
characteristic of knock combustion. The selection of a high-pass filter removes the slow-
variable component with large amplitude. The results of the high-pass filter were used for
further analysis. For each measurement cycle (out of 100 recorded cycles), the PP (peak
pressure) value was determined (Figure 3a).
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Figure 3. Determination of MAPO for a single-combustion cycle: (a) determination of absolute
pressure values (PP) for a single-combustion cycle at different CoC values; (b) results of determination
of the maximum for each cycle (MAPO_cycle) at different CoC (value of excess air factor λ = 1.25).

Analyses were performed in the angle range of 0 to 18 deg aTDC. They show that the
maximum pressure values move toward later angles with ignition delay (i.e., CoC delay).
The maximum PP values fall in the range of 1 to 12 deg aTDC. Further angle analysis was
not needed.

PP results for each combustion cycle at λ = 1.25 and at CoC = var are shown in
Figure 3b.

The data shown in Figure 3 indicate that the largest change values (in the range of
1–8 bar) appeared at λ = 1.25 and with CoC in the range of 2–6 deg aTDC. In the range of
later CoC, the maximum change values reach 5 bar. Such values indicate the existence of
knock combustion in the range of whole CoC changes at the smallest analyzed value of
excess air ratio.
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In the following section, a full MAPO_MC analysis (for the main chamber) was
performed for each engine cycle at λ = var and CoC = var (Figure 4). It can be seen
from Figure 4 that increasing charge depletion promotes a reduction in knock combustion.
In addition, in the range of each value of λ, increasing the value of CoC also reduces
the maximum oscillation of combustion pressure. It can be concluded that a temporary
increase in charge depletion may be preferable to an ignition delay (or CoC) when burning
hydrogen lean mixtures during knocking. From Figure 4, it can be seen that reducing knock
by reducing the excess air ratio is much more effective than delaying ignition (or CoC).
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Figure 4. Maximum absolute values of combustion pressure in the main chamber (MAPO_MCcycle)
for different values of CoC and different values of excess air ratio (color consistent with CoC from
Figure 3b).

Significantly lower values of oscillations were recorded during analyses of combustion
pressure in the pre-chamber (Figure 5). The study used a passive pre-chamber, so the
amount of fuel in the chamber was not adjusted. It was only derived from the global
λ value obtained by injecting fuel into the intake port. In the case of MAPO in the pre-
chamber, a limitation of the pressure oscillation with respect to the main chamber was
obtained. The absolute maximum values of MAPO_PC relative to MAPO_MC were more
than doubled in the range λ < 1.5. At higher values of λ, these changes were smaller, and at
λ = 2.00 the maximum values were the same.
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Figure 3b).

As mentioned earlier, the works [25–27] assumed that the MAPO limits indicating
the occurrence of knock are MAPO > 1 bar. Taking into account the above conclusions, in
the current research, it can be easily determined that correct and abnormal (with knocking
combustion) cycles appeared in the pre-chamber (passive) under all conditions. However,
it can be assumed that at λ > 1.50 and high CoC values, knocking combustion in the pre-
chamber almost did not occur. At values of λ > 1.8, knock combustion was practically
non-existent. This is indicated by the absence of single cycles with pressure oscillations
above 1 bar in the pre-chamber. Analysis of the same conditions in the main chamber (MC)
indicates the absence of knock combustion only at λ = 2.00.
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Due to the easy determination of the MAPO value indicating knocking combustion,
further work was done to determine the limiting IMPO value.

3.3. IMPO Analysis

IMPO analysis was carried out in a window of 0 to 20 deg aTDC with a resolution of
0.1 deg. This analysis was carried out based on Equation (2). It has a completely similar
course to MAPO. What is different—due to integration—are the index values. The IMPO
index in the conducted studies ranges from zero (in the absence of tapping) to about 1.5 bar-
deg with pronounced tapping. As λ increases, the indicator takes on smaller values (similar
to MAPO) (Figure 6).

Energies 2024, 17, 937 8 of 16  

 

Significantly lower values of oscillations were recorded during analyses of 
combustion pressure in the pre-chamber (Figure 5). The study used a passive 
pre-chamber, so the amount of fuel in the chamber was not adjusted. It was only derived 
from the global λ value obtained by injecting fuel into the intake port. In the case of 
MAPO in the pre-chamber, a limitation of the pressure oscillation with respect to the 
main chamber was obtained. The absolute maximum values of MAPO_PC relative to 
MAPO_MC were more than doubled in the range λ < 1.5. At higher values of λ, these 
changes were smaller, and at λ = 2.00 the maximum values were the same. 

 
Figure 5. Maximum absolute values of combustion pressure in the pre-chamber (MAPO_PCcycle) 
for different values of CoC and different values of excess air ratio (color consistent with CoC from 
Figure 3b). 

As mentioned earlier, the works [25–27] assumed that the MAPO limits indicating 
the occurrence of knock are MAPO > 1 bar. Taking into account the above conclusions, in 
the current research, it can be easily determined that correct and abnormal (with 
knocking combustion) cycles appeared in the pre-chamber (passive) under all conditions. 
However, it can be assumed that at λ > 1.50 and high CoC values, knocking combustion 
in the pre-chamber almost did not occur. At values of λ  > 1.8, knock combustion was 
practically non-existent. This is indicated by the absence of single cycles with pressure 
oscillations above 1 bar in the pre-chamber. Analysis of the same conditions in the main 
chamber (MC) indicates the absence of knock combustion only at λ = 2.00. 

Due to the easy determination of the MAPO value indicating knocking combustion, 
further work was done to determine the limiting IMPO value. 

3.3. IMPO Analysis 
IMPO analysis was carried out in a window of 0 to 20 deg aTDC with a resolution of 

0.1 deg. This analysis was carried out based on Equation (2). It has a completely similar 
course to MAPO. What is different—due to integration—are the index values. The IMPO 
index in the conducted studies ranges from zero (in the absence of tapping) to about 1.5 
bar-deg with pronounced tapping. As λ increases, the indicator takes on smaller values 
(similar to MAPO) (Figure 6). 

 
Figure 6. IMPO_MCcycle values for different CoC values and different excess air ratio values (color 
consistent with CoC from Figure 3b). 
Figure 6. IMPO_MCcycle values for different CoC values and different excess air ratio values (color
consistent with CoC from Figure 3b).

Similar changes were noted when determining IMPO in the pre-chamber (IMPO_PC)
(Figure 7). In this case, the maximum values were also much smaller (the same as for
MAPO in the pre-chamber). The minimum values were zero, but the maximum values
reached 0.4 bar-deg.
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3.4. Comparison of MAPO and IMPO Indicators

Since the MAPO and IMPO indices were determined for each combustion chamber, a
separate comparison of these indices was made for the preliminary and main chambers.

MAPO and IMPO indicators were averaged for 100 engine cycles. They will be
presented in this form in the following section.

Analysis of the MAPO index for both combustion chambers (Figure 8a) shows signif-
icantly higher values in the main chamber than in the preliminary chamber. The largest
MAPO of 4.5 was recorded at CoC = 4 deg aTDC. After a similar CoC, the largest val-
ues were recorded at λ = 1.35. When increasing the excess air ratio, the MAPO index
obtained almost constant values with a tendency to decrease slightly with increasing CoC.
At λ = 2.00, the MAPO value remained constant at MAPO = 0.5 bar (indicating the absence
of knock combustion).
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gain in MAPO indicates that the indicator values have similar trends. Despite sometimes 
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course of change is similar. In most cases, MAPO values are larger than IMPO (after 
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coefficient of determination R2 = 0.863. Although the data for the pre-chamber appear 
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Figure 8. Analysis of indicators in terms of two combustion chambers: (a) MAPO_MC vs. MAPO_PC;
(b) IMPO_MC vs IMPO_PC (solid line: main chamber; dashed line: pre-chamber).

Analysis of MAPO in the pre-chamber (passive chamber) indicates much smaller
differences in this indicator. The maximum MAPO value at λ = 1.25 was 1.5 bar (which
then decreased to about 1.0 bar). A similar trend of decreasing MAPO values is observed
when increasing λ.

Analysis of IMPO indicates that its highest values (IMPO = 0.8 bar·deg) in the main
chamber were obtained at λ = 1.25 and at CoC = 4 deg aTDC (Figure 8b). Other IMPO
values at smaller λ also indicate the highest values of this index at CoC = 2 deg aTDC.
The IMPO index decreased (almost linearly) with increasing CoC (regardless of λ). The
maximum values of MAPO were more than five times higher than IMPO. The absolute
values are strongly dependent on the angular window of averaging the values of both
indices. The trend of changes in both indices makes IMPO more dependent on CoC than
MAPO (which at large values λ does not depend on CoC). Small values of IMPO in the
pre-chamber cause the tendency of their changes to depend on λ and not on CoC—similar
to MAPO.

Although the trends of changes in the MAPO and IMPO indices are different, it was
decided to juxtapose them in a way that would allow them to be evaluated. For the main
chamber, the scales of both data in the main chamber were selected so that their values
could be compared (Figure 9a). The scales were selected so that the ratio MAPO/IMPO = 5.
With such a comparison, it turns out that both indices can be compared. A five-times gain in
MAPO indicates that the indicator values have similar trends. Despite sometimes different
values at CoC = 2 deg aTDC (and different λ), it turns out that the subsequent course of
change is similar. In most cases, MAPO values are larger than IMPO (after scaling). As
λ increases, the two waveforms become closer. Also, with regard to the pre-chamber, the
scale was chosen so that the two indicators could be compared (Figure 9b). Similar trends
in the changes of the two indicators were obtained: their trends overlap.

A comparative analysis of the MAPO and IMPO indices indicates that there is some
relationship between the two indices (Figure 10). In terms of the main chamber, the equation
IMPO_MC = 0.1657·MAPO was obtained (Figure 10a), with a value of the coefficient of
determination R2 = 0.863. Although the data for the pre-chamber appear linear, the value of
R2 is 0.827 (Figure 10b). This means an even smaller value of the coefficient of determination.
Taking the above into account, it is not absolutely possible to conclude a high correlation
between the two indicators.
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Figure 10. MAPO and IMPO analysis: (a) MAPO vs. IMPO in main chamber and (b) MAPO vs.
IMPO in pre-chamber.

MAPO limits were mostly adopted at 0.1 MPa. Therefore, the number of cycles subject
to knocking combustion (such cycles at which MAPO > 1 bar) was determined for each
engine operating point. With 100 measurement cycles, the percentages correspond to the
absolute number of cycles.

The analysis performed in the AVL Concerto system shows that at a low value of the
excess air ratio (λ < 1.5), the number of knock combustion cycles in the main chamber is
almost 100% (Figure 11). At λ = 1.35 and CoC > 12 deg aTDC, the value drops slightly
and reaches 95%. At λ = 1.5, the highest number of knock combustion cycles occurs at
CoC = 2 deg aTDC Count_MAPO_MC = 97%. At λ = 1.6, the number of knock combustion
cycles range from 86% (CoC = 2 deg aTDC) to 44% (at CoC = 18 deg aTDC). Minimal
numbers of knock combustion cycles were recorded at λ = 2.0; they were only 1% at several
operating points, regardless of the CoC value.

For the pre-chamber, the number of knock combustion cycles was never 100% (at
λ = 1.25 and CoC, the value was 99%). At CoC = 18 deg aTDC, the number of these cycles
was 56%. At each higher value of λ the number of knock combustion cycles was lower.

At λ = 1.5 and λ = 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. At λ = 2.0 in
the pre-chamber, only at CoC = 2 and 4 deg aTDC was the number of knock cycles higher
than in the main chamber. At higher CoCs, no knock was recorded in the pre-chamber in
any engine cycle analyzed.
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3.5. Determination of IMPO Limits

Since there is no limiting IMPO, we decided to determine this value in a way that
corresponds to the MAPO value.

The relationship between MAPO and IMPO in the main chamber, shown above in
Figure 9a, indicates that the waveforms of these quantities are similar, but their values are
different due to the way they are calculated—as confirmed by Equations (1) and (2).

Given the known MAPO limit value (1 bar), the number of cycles subject to knocking
combustion was determined (shown previously in Figure 11). The authors assumed that the
IMPO limit value should be such that the number of cycles determining knock combustion
in the main chamber should be similar. The study was conducted only for the main chamber,
as the number of knock combustion cycles was much higher than in the pre-chamber.

Having at our disposal five values of the excess air ratio and a number of CoC
quantities, we created a map to determine the number of knock combustion cycles. Based on
this map (Figure 12a), it was concluded that the sought-after number of cycles determined
by IMPO would be similar. Knowing the number of MAPO cycles, a function defined by
the sum of the squares of the difference of MAPO and IMPO cycles was created, which
was subject to minimization. In this way, the limit value of IMPO was determined, which
allows for a similar number of cycles.
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Figure 12. Results of tapping combustion cycle count analysis: (a) MAPO; (b) IMPO with IMPO
result > 0.13 bar deg; (c) results of minimizing the function defined by Equation (3).

This function was implemented for all measurement data (5 variables—λ× 9 variables—
CoC) in the form of:

n

∑
k=0

(
CMAPOk − CIMPOk

)2 → min (3)

where C is the number of cycles subject to knock combustion.
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Figure 12a summarizes the known values of the number of cycles subject to knock
combustion. Black boxes indicate the absence of measured data. Figure 12b shows the
results of minimizing the function for which the minimum of the sum of squares of Equa-
tion (3) was obtained. This analysis was carried out in MS Excel 2010 using the Solver
module. At IMPO = 0.13 bar·deg, the differences in the number of knock combustion cycles
shown in Figure 12c were obtained. It shows that the highest similarity was obtained with
a high value of λ and all values of CoC. As λ increases, the deviations from the setpoint
become larger.

The IMPO value determined in this way enabled the construction of the MAPO_cycle
= f(IMPO_cycle) relationship for all test points (Figure 13). The results of the analyses in
Figure 13 were divided into four zones:

1. MAPO_cycle > 1 and IMPO_cycle > 0.13 → 65.72% of research points
2. MAPO_cycle > 1 and IMPO_cycle ≤ 0.13 → 3.09% of research points
3. MAPO_cycle < 1 and IMPO_cycle > 0.13 → 7.33% of research points
4. MAPO_cycle < 1 and IMPO_cycle ≤ 0.13 → 23.86% of research points
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The above division shows several correlations:

• knock combustion analysis conducted only with MAPO > 1 bar indicates an overesti-
mation of the number of knock combustion cycles by more than 3% (takes into account
point 2 of the above breakdown);

• knock combustion analysis conducted only with consideration of IMPO > 0.13 bar-deg
indicates an overestimation of the number of knock combustion cycles by more than
7% (takes into account point 3 of the above breakdown);

• consideration of simultaneous MAPO and IMPO indicates the possibility of effec-
tively reducing cycles involving knock combustion underestimated by MAPO or
IMPO separately.

With IMPO set, a determination of the number of cycles involving knocking com-
bustion based on this index (IMPO > 0.13 bar·deg) was made (Figure 14). The number of
cycles in the range of small values of the excess air ratio (λ = 1.25–1.35) is similar to the
number based on MAPO. However, the IMPO indicator is much more sensitive, as the
number of knock combustion cycles in the range λ = 1.65–2.00 is significantly higher in the
main chamber. The common denominator of the MAPO indicator is also the fact that in
the primary chamber the number of detected cycles including knock combustion is almost
always zero.
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4. Conclusions

The knock combustion analysis made it possible to determine the MAPO and IMPO
limits. Detailed conclusions on these quantities are presented below:

1. At small values of the excess air ratio λ, significant ignition delay (associated with
significant CoC delay) does not lead to the disappearance of knock. This means that
the elimination of knock combustion under certain conditions must be associated
additionally with an increase in the excess air ratio.

2. When burning hydrogen lean mixtures during knock, it may be advisable to temporar-
ily increase charge depletion than to delay ignition (or CoC). Analyses show (Figure 4)
a much higher efficiency of knock reduction by reducing the excess air ratio than by
delaying ignition (or CoC).

3. Analysis of IMPO indicates that its highest values (IMPO = 0.8 bar·deg) in the main
chamber were obtained at λ = 1.25 and at CoC = 4 deg aTDC. The maximum values
of MAPO are more than five times higher than IMPO. The trend of changes in both
indices makes IMPO more dependent on CoC than MAPO (which at high values λ
does not depend on CoC).

4. The indication of the absolute values of MAPO and IMPO indicators makes it pos-
sible to fully analyze knock combustion and at the same time reduce the number of
this combustion.
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Abbreviations

BDC bottom dead center
CoC center of combustion
EGR exhaust gas recirculation
EM electromagnetic
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f frequency
IMPO integral modulus of pressure oscillation
MAPO maximum amplitude pressure oscillation
MC main chamber
MPRR maximum pressure rise rate
n engine speed
P pressure
PC pre-chamber
PFI port fuel injection
PJI pre-chamber jet ignition
PP peak pressure
ST spark timing
t time
TDC top dead center
TJI turbulent jet ignition
λ air excess ratio
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