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Abstract: The use of fuels with tendencies to reduce carbon dioxide emissions, particularly gaseous
fuels, and improve combustion systems is one of the directions for increasing an internal combustion
engine’s attractiveness as a power source. This article presents the effects of combining natural gas
combustion with a multi-stage combustion system. A two- and three-stage lean charge combustion
system was proposed in order to increase the energy system efficiency. In order to achieve this, a
single-cylinder test engine was used, with two interchangeably implemented combustion systems.
The tests were carried out with two values of the excess air coefficient (A = 1.3 and A = 1.5), as well as
two different fuel dose values (qo = 0.35 and 0.55 mg/inj), injected into the prechamber at the same
indicated mean effective pressure value (IMEP = 6.5 bar) and the same engine speed (n = 1500 rpm).
Based on the obtained research results, it was found that the use of a three-stage system limited the
maximum combustion pressure and heat release rate due to the increased resistance of flows between
the chambers. At the same time, it was found that the increase in the engine’s indicated efficiency
took place in a two-stage system, regardless of the excess air coefficient. Changing the dose of fuel
fed into the prechamber significantly affects the engine performance (and efficiency) but only in the
two-stage combustion system.

Keywords: combustion system; TJI system; prechamber; combustion process repeatability;
combustion efficiency

1. Introduction

The use of an internal combustion engine as an on-board energy source requires con-
tinuous engine design improvement in accordance with the changing emission standards
that determine whether the vehicle can be approved for operation. The increasing require-
ments mainly concern the engine’s environmental impact, as well as its impact on human
health. Thanks to, among others, improvements in the mixture formation system and the
combustion system [1,2], it becomes possible to reduce the harmful exhaust components
and the increase in the efficiency of the energy conversion. One of the methods of increasing
the feasibility of the modern internal combustion engine as a source of mechanical energy
is the lean dose combustion in the cylinders, which allows to increase the efficiency of the
system by reducing the heat losses (relationship between specific heat and temperature) and
reduce the pumping losses, depending on the engine load. In addition, lower maximum
temperatures result in lower exhaust emissions of nitrogen oxides (NOy). Diluting the fuel
dose also increases the knock resistance, which enables a wider adjustment of the ignition
advance angle [3]. Unfortunately, the combustion of lean mixtures is associated with a
significant decrease in the operating efficiency of the three-way catalytic converter (TWC),
which is widely used in SI engines [4]. However, this problem can be solved by using Lean
NOx Trap (LNT) [5,6] or selective catalytic reduction (SCR) [7].

As the fuel dose supplied to the cylinder becomes increasingly leaner, the requirements
for the minimum ignition energy also increase, the value of which increases with the value
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of the excess air coefficient—A [8]. Hence, research is being carried out on ignition systems
that generate increasing ignition energy of the main fuel dose: laser ignition (LI), Radio
Frequency Based Corona Ignition (RFCI), Microwave-Assisted Spark Ignition (MASI) and
Turbulent Jet Ignition (TTI) [9].

By using a combustion system equipped with a prechamber (T]I), with a spark plug
(passive prechamber) and, optionally, a fuel supply channel (active prechamber), allows
igniting the main charge by funneling burning mixtures through the chamber’s holes and
not directly from the primary ignition source. Through this method, it is possible to extend
the range of the mixture’s effective flammability above the value A = 1.5, in which the
conventional system of the SI engine becomes unstable [10,11]. Combustion systems with
an ignition chamber are characterized by a greater heat release rate, which is particularly
important in the case of fuel-air mixtures with a low laminar flame speed [12,13]. Burkardt
et al. conducted research on a single-cylinder SI engine [14] fueled with alcohol with a
compression ratio of 16.4, which showed an increase in the maximum value of the excess
air coefficient from A = 1.7 for the conventional configuration of the system up to A = 2.0 for
the system with an ignition chamber. For the PC configuration, a higher indicated efficiency
was achieved, with a maximum value of 46.5% at n = 2000 rpm and an indicated mean
effective pressure IMEP = 15 bar.

The two-stage combustion system was characterized by a different structure and
control method, which directly affected the engine performance [15]. The simplest solution
was to use a prechamber spark plug, which could replace conventional spark plugs without
significant interference with the engine design. Comparative studies of conventional plugs
with PC plugs of four different geometries [16] indicate an increase in engine operation
stability, shortening of the CA10-90 combustion time and shifting the limit value of the
excess air coefficient for stable engine operations. The recorded optical signal indicated a
combustion start delay and an increased flame intensity. In addition, a reduction in specific
fuel consumption compared to the conventional solution was noted [17]. The disadvantage
of the solution, however, was the tendency to create deposits inside the chamber near the
electrodes, as well as the lack of additional control of the ignition event. In addition to the
passive system based on a prechamber equipped with a spark plug, there are also systems
where the ignition chamber is an additional element not permanently connected with the
spark plug [13,18].

Another system configuration with a split combustion chamber is a system with
an active chamber where an additional dose of fuel is delivered to the vicinity of the
primary ignition source, shifting the effective combustion process towards leaner fuel
dose ranges [19]. In addition to the fuel dose, air can also be supplied to the chamber for
additional flushing, reducing the specific fuel consumption and increasing the share of
exhaust gases recirculated by the EGR [20,21]. Due to high thermal loads, depending on the
fuel used, systems with a check valve [22] or direct injection (DI) injectors [23] are used. The
use of an additional injection system for the PC makes it possible to significantly diversify
the fuel dose composition between the working spaces. An example is the co-combustion
of hydrogen and methane, where hydrogen is supplied to the chamber, causing a rise in
the energy indicators values [24].

The TJI combustion system operation is significantly influenced by the interior geom-
etry of the ignition chamber, as well as the geometry of the outlet openings. This affects
the mass transfer and the movement and mixing of the fuel dose around the spark plug.
Experimental and simulation studies [25] indicated that the most favorable volume of the
ignition chamber is about 5% of the total volume of the main combustion chamber. Positive
effects of reducing the outlet hole’s diameter with the increase of the excess air coefficient
were noted. Using a single-cylinder internal combustion engine operating at n = 4500 rpm
under a heavy load, IMEP = 12.5 bar, the effects of using two six-hole chambers (PC1 and
PC2) with the volumes/diameters of holes 600/0.7 and 900/0.5 mm?/mm were compared
in the passive mode [26]. The obtained efficiency was PC1 = 43.4% and PC2 = 43.5%
compared to 30.3% for the conventional system. The use of the PC1 chamber turned out to
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be better based on energy indicators, while PC2 showed better emission indicators. Optical
methods were used to study the effects of radial twisting of the chamber outlet openings by
20 deg at a A = 1.3 methane/air mixture in a rapid compression machine (RCM) [27]. The
use of straight holes resulted in higher combustion pressure and a greater heat release rate
(HRR). The obtained images indicated a later combustion initiation for the chamber with
straight holes and a higher flame intensity 2.52 ms after ignition. Experimental work was
also carried out on the impact of splitting the fuel dose between the main and prechambers
and variants of the excess air coefficient for six chamber geometries, indicating energy
benefits from minimizing the size of the dose for the prechamber PC [28,29].

For further work on the prechamber combustion system, see [30,31], where the authors
decided to combine an active combustion system based on a prechamber and a system of
direct fuel supply through a one-way valve with a passive prechamber spark plug system.
Due to the ecological benefits [30,31], it was decided to conduct the research for natural gas
and use the active TJI system, which was tested on a large scale, as a reference point.

2. Aim and Scope of Research

The solutions of the two-stage system and its modifications presented above indicate
a high efficiency potential for these systems, especially in the case of the lean mixture
combustion. This paper presents a direct comparison of both combustion systems. Since
the work was carried out on the same test setup, it was possible to analyze the same values
under the same conditions.

Two queries about the thermodynamics of the process were stated: (1) how the
excess air coefficient affects the combustion process and (2) how the fuel dose fed into the
prechamber affects the combustion process. These two questions, in connection with the
two combustion systems, made it possible to indicate which system was characterized by a
greater efficiency in the specific test conditions. The fundamental difference between the
systems mainly comes down to the different inter-chamber throttling between the cylinder
volume and the ignition electrodes and, in the case of a three-stage system, feeding an
additional dose of fuel between the smaller chambers.

3. Materials and Methods
3.1. Test Stand

The tests of the combustion systems were carried out on the single-cylinder research
engine AVL 5804 with the eddy current brake AVL AMK DW13-170. The engine was
adapted for the combustion of gaseous fuels and was equipped with an ignition system.
The cylinder head was adapted to the two- and three-stage systems. An active prechamber
(with gaseous fuel supply) was used. Engine specifications are provided in Table 1.

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

Parameter Unit Value
Engine - 1-cyl., 4-valve, SI, TJI
Displacement dm? 0.5107
Bore x stroke mm 85 x 90
Compression ratio - 15.5
Fueling - DI and PFI (EM injectors); 7 bar
3 2-stage (spark plug M10)
Prechamber 3-stage (spark plug M12)
Air system - Naturally aspirated

The diagram of the test stand and the parameters it measured are shown in Figure 1.
The mass flow rate of fuel and air, as well as the thermodynamic parameters of the intake
air, exhaust gases and gaseous fuel, were all controlled. The temperature of the cooling
liquid and lubricating oil was constant at 70 °C.
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Figure 1. Schematic of the test stand for 2- and 3-stage combustion systems.

The combustion systems’ tests included using a 2-stage system (Figure 2a) and a
3-stage system (Figure 2b). For both cases, the same prechamber was used, which param-
eters are presented in Table 2. Both tested systems used an active combustion chamber,
which means that fuel was injected into the prechamber and ignited. In each case, only
fuel without air was supplied to the prechamber. The spark plug had its own chamber that
the mixture formed in the prechamber was fed into for the three-stage system (Figure 2b).
In the two-stage system, the chamber had a volume of 1.8 cm® and 7 outlet holes with
a diameter of 1.5 mm. In the three-stage system, the volume of the prechambers was
2.55 cm® and the PC spark plug had six holes with a diameter of 1 mm. In the 2-stage
system, the volume of the ignition chamber was 5.19% of the volume of the combustion
chamber (piston at the TDC); in the three-stage system, this share was larger and reached
about 7.35%.

(a) (b)

Figure 2. Picture of the combustion systems: (a) two-stage system with an active prechamber and
(b) three-stage system with an active prechamber and its own spark plug chamber.
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Table 2. Technical specifications of the prechamber used in the research.

Parameter Unit Value
Number of holes - 7
Hole diameter mm 1.5
Volume cm? 1.8

Spark plug M10

Combustion thermodynamic studies were carried out using the AVL GH14D (main
chamber) and Kistler 6081 (prechamber) combustion pressure sensors and a Horiba Mexa
7100D combustion analyzer. Data recording was performed at a high data acquisition rate
using the AVL IndiSmart system with AVL IFEM charge amplifiers. Methane consumption
in the prechamber (qo_PC) and main chamber (qo_MC) was measured using mass flow
meters. Technical specifications of the measuring equipment used in the tests are given
(Table 3).

Table 3. Technical data of the test equipment.

Parameter Type Range
Fast-varying processes AVL IndiSmart 8-channel + amplifiers IFEM
Pressure sensor MC AVL GH14D 0-250 bar
Pressure sensor PC Kistler 6081 AQ22 0-250 bar
Air-flow meter ABB SensyFlow 0-720 kg /h; error < +0.8%
Fuel-flow meter MC Micro Motion ELITE CMFS010M  0.1-2 kg/h; accuracy £0.25%
Fuel-flow meter PC Bronkhorst 111B 0.1-100 g/h; accuracy £0.5%
RD plus £0.1% FS
Crank angle AVL 365C 0.1deg
Lambda-value Bosch LSU4.9 A~10
Injection time PC/MC Custom design tinj = 0-20 ms; o = var
Horlbali\I/IDeﬁg 7100D CO(L)—50-5000 ppm
Exhaust analyzer FID THC—10-50,000 ppm
CLD NOx—10-10,000 ppm

3.2. Test Conditions

The tests observing the in-cylinder processes and measuring the exhaust emissions
for the two different combustion systems were carried out at a constant engine speed
n = 1500 rpm and at IMEP = 6.5 bar and for two values of the excess air coefficient. The
engine operation stability criterion was defined as the engine operation non-repeatability
determined by the value of the CoV(IMEP) coefficient < 3.0% [32] (older sources assigned
this indicator a value of 10% [33]; sometimes, intervals were defined to obtain stable or
semi-stable combustions [32]). This indicator was defined as:

CoV(IMEP) = 100 x ZUMEP)

1(IMEP)’ @

where o and p are the standard deviation and the mean value, respectively, over a number
of consecutive combustion cycles (the analysis includes 100 cycles).

To determine the heat release, a model was used that takes into account changes in the
pressure and volume in the cylinder:

dQnet(o‘) _ Y P

dV(w) 1 dP(«)
dae  y-—1 (o) da +y—1

V() do ’

2

where P is the instantaneous cylinder pressure, « is the crank angle, v is the ratio of the
specific heats and V is the instantaneous cylinder volume.



Energies 2023, 16, 3837

6 of 15

During the tests, the assumption was made that the ignition angle will be the control
value, to be adjusted to achieve a constant CoC value:

o = f(IMEP, qo_PC, A) = var — CoC = const. 3)

The CoC value was defined as the crankshaft angle, at which 50% of the heat had
been released:

EOC
CoC = acat 0.5 x / OlQnetdoc, 4)

soc da

where SOC—start of combustion and EOC—end of combustion. The start of combustion
(the angle at which 5% of the heat was released) and the end of combustion (the angle at
which 90% of the heat was released) were determined in a similar way.

The combustion process (i.e., the ignition angle) was controlled in such a way as to
maintain constant values of the combustion center (CoC = 8 deg aTDC).

The maximum indicated engine efficiency was determined using the following equation:

1
= 5
= e Ty ®)
where LHV—methane calorific value and g;—indicated specific fuel consumption:
Gmc + Gec
= , 6
B =N ©)

where G—fuel mass consumption, respectively, in the main chamber (MC) and prechamber
(PC) and N;—indicated power, expressed by the equation:

N; = Vs x IMEP X% n, @
T
where Vs—engine displacement, n—rotational speed and t—the cyclical nature of
engine operations.

For a known engine power, the values of specific exhaust emissions of carbon monox-
ide (CO), total emissions of hydrocarbons (THC) and nitrogen oxides (NOx) were
also calculated.

With the set test conditions and control strategies for the combustion process (Table 4),
tests were carried out by registering 100 consecutive cycles of engine operation.

Table 4. Research method specifications.

Combustion System Test Conditions Control Strategy
2-stage n = 1500 rpm CoC =8 deg aTDC
IMEP = 6.5 bar CoV(IMEP) < 3.5%
A=~13;~15 qo_PC + qo_MC = const.
3-stage PC — small ~ 0.35mg/inj
407 = { large ~ 0.55-0.60 mg/inj

An example characteristic of the measured fast-varying values recorded during the
tests is shown in Figure 3. Fuel was injected into both combustion chambers at a pressure
of 7 bar and at a constant value of the angle « = 300 deg bTDC. As the figure shows, the
injection time of the prechamber fuel dose was significantly shorter than the fuel injection
time into the main chamber. Additionally, a flange was used between the injector and the
return valve.
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Figure 3. An example characteristic of variable signals with an indication of the gas supply conditions
to the prechamber and to the main chamber.

According to Equation (1), the non-repeatability of the engine operation was deter-
mined by using data from 100 successive engine operation cycles. The data in Table 5
indicate acceptable engine operating conditions. The CoV(IMEP) did not exceed 1.11%,
which indicated stable engine operations under all test conditions.

Table 5. Engine operation non-repeatability values CoV(IMEP) calculated using Equation (1).

Combustion System A qo_PC — Small qo_PC — Large
2-stage 1.3 1.02 1.08
& 15 1.02 0.88
3-stage 1.3 1.11 1.10
& 15 1.10 1.08

4. Thermodynamic Analysis of the Combustion Systems
4.1. Size of Initial and Main Fuel Dose Used in the Conducted Tests

In the tests, the fuel dose fed into the prechamber was adjusted, along with the main
dose for the main chamber (Figure 4). This was to keep the total fuel dose constant. The
value of the excess air coefficient changed to a certain extent, which was caused by using
a one-cylinder engine (despite the use of an additional air compensating tank). Changes
in the injected fuel dose were done by controlling the injection time and not from directly
changing the fuel dose itself. At the same time, the change in the excess air coefficient
caused a change in the intake manifold pressure, which also affects the value of the fuel
dose mass.

The combustion process analysis was carried out by first comparing the pressure
changes for both systems at different values of A. The three-stage system (Figure 5) was
characterized by an increase in the resistance of the inter-chamber flows, which resulted in
lower pressure values, regardless of the tests conditions. A small dose of fuel fed into the
prechamber resulted in a combustion process improvement, as the maximum pressure in
the main chamber (Pmx) was higher (by 3.7%) than when a large fuel dose was fed into the
PC. Increasing the excess air ratio did not significantly change the Pmx; the changes were
below 0.5% (with the same combustion system).
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Figure 4. Conditions when conducting multi-stage combustion engine systems tests: (a) the initial
dose size fed into the prechamber (qo_PC) at different values of the excess air coefficient and (b) the
main chamber (qo_MC); during combustion, the value of the sum of the fuel doses was kept constant
in accordance with the control strategy (Table 4).
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Figure 5. The cylinder combustion pressure characteristic (in the main chamber) for both com-
bustion systems: (a) for the small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.3, (b) for
the small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.5, (c) for the large initial dose value
(qo_PC = ~0.6 mg/inj) and A = 1.3 and (d) for the large initial dose value (qo_PC = ~0.6 mg/inj) and
A=15.

Comparative analyses of the combustion systems indicated a more favorable Pmx
curve in the two-stage system (4% increase), regardless of the size of the dose fed into the
prechamber. Increasing the excess air coefficient to A = 1.5 reduced the differences between
the peak pressure Pmx values (maximum change observed was 1.5%).
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The IMEP value caused more significant differences between the combustion systems.
At A =1.3 (regardless of the qo_PC dose), the change was over 12% (in favor of the two-stage
system). Changing the engine operating conditions at A = 1.5 resulted in the same IMEP
changes in favor of the two-stage system.

The analysis of the rate of the combustion pressure changes indicated clear two-stage
changes in the pressure build-up in the two-stage system. Burning a small dose in the
prechamber resulted in a large value of the maximum pressure increase. During three-stage
combustion, it was not possible to visually isolate each of the combustion phases from
the obtained data. Nevertheless, the pressure increased more. This means that the initial
combustion process was more dynamic. It should be noted that there is a significant delay
(about 4 deg) in the start of the combustion process in the three-stage system. This was
not a result of the fuel dose preparation conditions being worse but only from the need
to maintain the selected combustion strategy (CoC = 8 deg aTDC). This means that the
increased dynamics of the combustion process allowed the ignition to be delayed by about
3 deg compared to the two-stage combustion system.

A large dose of qo injected into the PC resulted in more steady pressure changes (in
the three-stage system). There was still a delay in the rate of the pressure changes (only
by about 3 deg CA) compared to the two-stage system. At A = 1.5 and a large qo_PC dose
value, a reduction in the cylinder pressure changes was observed in both systems.

The delayed start of the combustion process, notable in Figure 6, also had an impact
on the heat release. The values of the net heat release rate (ignoring heat losses to the walls)
were determined based on Equation (2)—see Figure 7. The maximum heat release rate
observed in the two-stage system at a small fuel dose (qo_PC) was lower by about 10-12%
compared to a larger dose. At A = 1.5, the changes were even greater and amounted to
10-17% in favor of the three-stage system and a small fuel dose (qo_PC). Not only was the
dQmx greater but the slope of the curves in the three-stage system was also greater (both
during the build-up and limiting the heat release). This indicated a more rapid process,
which was also confirmed by the analysis of the cylinder pressure and the rate of the
pressure change.

The maximum heat release rates were higher in the three-stage combustion system,
irrespective of the values of the fuel dose (qo_PC) and A. At the same time, the angle range
of the dQ_MC changes was smaller than in the case of the two-stage combustion system.
This indicates that such a system can be used in engines with higher rotational speeds.

The integral heat release rate was calculated to obtain information about the overall
combustion process. Through such calculations, it was possible to determine the com-
bustion process quality of the multi-stage combustion systems (Figure 7). The three-stage
system was characterized by lower values of the total heat released (Qmx) by about 9-14%
compared to the two-stage system (regardless of the qo_PC and A). Within the same com-
bustion system, increasing the qo_PC resulted in only a 3% change in the Qmx values.
Increasing the value of A improved the obtained heat release values but only in the case
of the three-stage combustion system, which may indicate the importance of using even
leaner mixtures in the three-stage system.

Analyzing the thermodynamic indicators (Figure 8) pointed towards the two-stage sys-
tem having a greater potential, at least in terms of the analyzed quantities
(0.35 mg/inj < qo_PC < 0.60 mg/inj and 1.3 < A < 1.5). However, the three-stage sys-
tem has shown great results in terms of the fuel combustion rate: large values of the
pressure increase and an overall shorter combustion process. The above thermodynamic
quantities, in terms of intra-cylinder processes, were supplemented with engine operation
indicators in the next section.
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Figure 6. The combustion pressure increase rate in the cylinder (in the main chamber) for both combustion
systems: (a) for a small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.3, (b) for a small initial dose
value (qo_PC = ~0.35 mg/inj) and A = 1.5, (c) for a large initial dose value (qo_PC = ~0.6 mg/inj) and
A =1.3 and (d) for a large initial dose value (qo_PC = ~0.6 mg/inj) and A = 1.5.
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Figure 7. The characteristics of the heat release rate in the cylinder (in the main chamber) for both combustion
systems: (a) for a small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.3, (b) for a small initial dose
value (qo_PC = ~0.35 mg/inj) and A = 1.5, (c) for a large initial dose value (qo_PC = ~0.6 mg/inj) and
A =1.3 and (d) for a large initial dose value (qo_PC = ~0.6 mg/inj) and A = 1.5.
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Figure 8. The characteristics of the total heat released in the cylinder (in the main chamber) for
both combustion systems: (a) for a small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.3,
(b) for a small initial dose value (qo_PC = ~0.35 mg/inj) and A = 1.5, (c) for a large initial dose value
(qo_PC = ~0.6 mg/inj) and A = 1.3 and (d) for a large initial dose value (qo_PC = ~0.6 mg/inj) and
A=15.

4.2. Engine Operation Indicators
4.2.1. Thermodynamic Indicators

The measured values were summarized based on the conducted analyses (Figure 9),
where the values of the start of combustion (AI05), the combustion center (CoC) and the
end of combustion (AI90) were shown. These values were determined as described in
Equation (4).

18

T T T
two-stage = .- - - three-stage

[=

byl I — AI90

[y
o
4

o
»
I

[
N

=
o

CoC

o4
U
[l

a

Al [deg], CoC [deg]

N

FE==o=oo ==

F-~- 72 AlO5

N

0 — — ‘
0.2 0.3 0.4 0.5 0.6 0.7

qo_PC [mg/inj.]

Figure 9. Thermodynamic analysis of the combustion process: start of combustion (AI05), center of
combustion (CoC) and end of combustion (AI90).
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Data analysis showed that, in order to obtain a constant CoC value (8 deg aTDC),
the ignition advance needed to be increased in the two-stage system (or reduced in the
three-stage system). In the three-stage system, the change of A (from 1.3 to 1.5) had no effect
on the start of combustion. However, increasing A to 1.5 made it possible to significantly
reduce the duration of the entire process (AI(90)-AI(05)).

Based on the previously discussed observations, it was found that multi-stage systems
can be dedicated to the combustion of lean mixtures, and in this research, the three-
stage system has shown greater potential (with an even higher excess air coefficient than
presented in this study).

4.2.2. Fuel Consumption and System Efficiency

The engine operation indicators were determined using Equations (5)—(7). These
indicators were the specific indicated fuel consumption (Figure 10a) and engine efficiency
(Figure 10b). With the analyzed values of A (1.3 and 1.5), a much more favorable specific
fuel consumption value was observed in the two-stage system (12-14%, irrespective of the
excess air coefficient value). Changing the prechamber fuel dose did not affect the specific
fuel consumption. This was primarily due to the fact that the total value of the fuel dose
was controlled and kept constant during the tests.

250 40
B qo_PC-->small Eqo_PC-->small
240
Mqo_PC--> large Eqo_PC--> large
35 —
230
= 220 X
2 = 30
S~
50210
&
200 2
190
180 20
2-stage ‘ 3-stage 2-stage ‘ 3-stage
(a) (b)

Figure 10. Analysis of the engine performance indicators using two combustion systems: (a) specific
indicated fuel consumption and (b) indicated engine efficiency.

The indicated engine efficiency obtained for the analyzed combustion systems cor-
responded with the values of the specific fuel consumption. The mentioned parameters
were considered representative energy indicators for comparing combustion systems.
Better results were found for the two-stage system (values of about 34.2-35.6%), irrespec-
tive of the used excess air coefficient value. A comparison of the combustion systems
showed a significant improvement in the efficiency, reaching 13-14% when using the
two-stage system.

The exhaust emission analysis was carried using the recorded data of each exhaust
gas component’s concentrations. The Horiba Mexa 7100D analyzer used for the research
allowed the measurement of the total hydrocarbons (non-methane hydrocarbons were
not analyzed). Taking into account the mass of the exhaust gas (calculated using the fuel
consumption and air flow), as well as the density coefficients of the exhaust gas components
(ico = 0.000966, iTHc = 0.000479 and iNox = 0.001587) [34], the engine power (Nj) was used
to calculate the power-specific exhaust emission of each exhaust component. The emissions
shown are raw emissions without the use of an aftertreatment system.

Hydrocarbon emissions increased with increasing the excess air coefficient value,
regardless of the fuel dose injected into the prechamber or the combustion system used
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(Figure 11a). This tendency was consistent with previous research [33], and it is caused
by excess air and limited flame continuity. There were no large differences in the THC
emissions when changing the combustion system from two- to three-stage combustion (an
increase of about 5% or 10% at A = 1.3 and A = 1.5, respectively). In terms of CO emissions,
the two-stage system was more advantageous, because, regardless of the value of A, the
exhaust emission values were found to be about 40% lower (Figure 11b). The size of the
dose injected into the prechamber in the two-stage system had no effect on the measured
exhaust emission values.

2-stage

(a)

7 16
6 14 | BEqo_PC-->small
Bqo_PC--> large
12
5
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= 4 =
H 3 3
< <
» 3 =
3 g 6
L 2 <
4
1 2
0 0
3-stage 2-stage ‘ 3-stage 2-stage ‘ 3-stage
(b) (c)

Figure 11. Exhaust emission values measured from the multi-stage combustion systems for two
different fuel doses fed into the prechamber and for two different values of A = 1.3 and A = 1.5:
(a) hydrocarbons, (b) carbon monoxide and (c) nitrogen oxides.

Multi-stage combustion systems were found to have a significant effect on the exhaust
emission of nitrogen oxides (Figure 11c). The effect of both the initial dose and the A
value became clear in this example. Combustion in the two-stage system resulted in
about 30% lower exhaust emission values, irrespective of the A value. The effect of A itself
was significant in both systems: its increase from A = 1.3 to A = 1.5 resulted in emission
reductions by 61-69% in both combustion systems used.

5. Conclusions

The experimental results presented in the article show the effect of using an additional
combustion chamber integrated with a spark plug, creating, together with the two-stage
system, a new concept of three-stage combustion. As a result of comparing the effects
of using the two-stage and three-stage combustion systems, significant differences were
found, especially in the combustion rate and heat release. Testing the engine for a medium
load and engine speed of 1500 rpm, the following advantages of the two-stage system
were found:

1.  higher maximum combustion pressure in the main chamber (by about 4%);

2. the values of the indicated mean effective pressure (IMEP) were greater by about 12%
for the same fuel dose;

3. amounts of the heat released values (Qmx) were greater by about 9-14%;

4. higher indicated efficiency, irrespective of the excess air coefficient value (by more
than 10%);

5. increasing the fuel dose fed into the prechamber slightly increased the efficiency of
the system, irrespective of the excess air coefficient;

6. lower HC emissions (by about 5-10%), lower CO emissions (by about 40%) and lower
NOy emissions (by about 30%).

The three-stage combustion system, on the other hand, showed potential in:
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1.  the combustion rates: the increases in the cylinder pressure changes were more
rapid, indicating the possibility of rapid combustion of the created mixture; this is
particularly important in relation to the combustion of very lean mixtures when the
rate drops sharply in conventional systems;

2. limiting the ignition advance angle; this limitation was due to the combustion rate,
which allowed the use of higher compression ratios without causing a rise in the
engine knock.
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