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3E – A new paradigm for the development of civil aviation
Nowadays, in civil aviation, issues related to improving efficiency, reducing the costs of air operations as well as the negative impact
of air transport on the environment are of increasing importance. These ideas allow the formulation of the paradigm relating to the
development of air transport – ‘more Efficiently, more Economically, more Eco-friendly – 3E’. The article presents in a cross-sectional
and synthetic way research conducted by leading scientific centres around the world as well as prototype aviation constructions
designed by companies from the aviation industry. Benefits and disadvantages of future propulsions, such as purely electric, hybrid and
distributed propulsions, were presented. Conclusions were formulated regarding further possible directions of civil aviation
development, taking into account the improvement of its efficiency as well as economic and ecological indicators.
Key words: airplane, electric propulsion, hybrid propulsion, distributed propulsion, reduction of emission exhaust, reduction of noise,
decrease of fuel consumption

1. Introduction
Aviation is the branch of transport that has significantly
contributed to globalization of the world. Accompanying
the development of aviation, until recently, the ‘Higher,
Faster, Farther’ paradigm lost its significance in the last
years. The currently noticeable trend of aviation development leads to the fulfilment of criteria more favourable to
the protection of man and his ecosystem. Permanently
emerging cognitive and utilitarian research programs try to
redefine the existing solutions for the needs of the new
paradigm. Among the examples of these activities there are
studies on improving the airspace capacity and more efficient airspace management, as well as the works on improving and optimizing the operation parameters of internal
combustion engines as well as programs aimed at determining the design assumptions for propulsions based on hybrid,
combined or all-electric systems. The effect of such solutions is the possibility to reduce journey costs by reducing
fuel consumption, as well as noise and toxic emissions to
the atmosphere.
Due to the above, the authors propose to replace the
paradigm mentioned above with a new, more timely one,
taking into account current trends – the 3E’ paradigm –
‘more Efficiently, more Economically, more proEnvironment’.
The pro-environmental trend is reflected in the regulations developed and constantly improved in the scope of
reducing the negative impact of air transport on the natural
environment. The first international regulations regarding
the reduction of fuel consumption, pollutants and noise
emissions entered into force in 1972 (Annex 16 to the
ICAO Convention) [29], and in March 2018 the new wording of Annex 16 entered into force. It regulates emission of
pollutants and noise limits for newly designed aircraft
structures in accordance with the recommendations of
CAEP (ICAO Technical Committee for Environmental
Protection).
At the same time, there emerge declarations, international research programs and initiatives of international,
governmental and non-governmental organizations, as well
as aviation companies who aim at the sustainable and re-

sponsible development of aviation. Such a development is
possible to achieve through the following tasks [29]:
− stabilizing CO2 emissions in the aviation sector at
the level of 2020 (through so-called carbon-neutral
growth),
− reducing CO2 emissions in aviation by 2050 by 50%
(compared to 2005),
− reducing the carbon footprint in air freight,
− fleet rejuvenation and modernization,
− investing in bio jet fuels (biofuels for aircraft turbine
engines),
− reducing mass of aircraft,
− developing e-freight (called paperless cargo),
− developing lightweight ULDs.
Many research works are being currently carried out in
line with the above-mentioned tasks, such as works related
to increasing the efficiency of air traffic, e.g. the SESAR
program. Within its framework, attempts are being made to
develop a new approach to flight planning and to make
more efficient use of cargo and passenger spaces in aircraft.
In addition, research related to the optimization of flight
trajectory in terms of minimizing flight time or fuel consumption indicate that it is possible to achieve a decrease in
pollutants emissions and fuel consumption on a given route
[24-29].
However, the goals assumed in the longer term (for the
year 2050) require developing new technical solutions.
Composite materials have a growing share in newly emerging aviation constructions, which clearly affect the decrease
in flying vehicles mass. Propulsion efficiency has been
increased by developing new propeller aerodynamic systems [31], as well as by increasing the exhaust gas temperature before the high pressure turbine in the case of turbine
engines [5].
In order to increase further the efficiency of aircraft
constructions, new aerodynamic solutions (e.g. the flying
wing shown in Fig. 1) are being sought [21], as well as
propulsion systems envisaged in future aircraft, such as
distributed propulsion [4].
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Fig. 1. Airplane in a flying wing configuration with a hybrid, distributed
propulsion [21]

The distributed propulsion is characterized by the use of
a number of electric motors (EM) together with propellers
of a small diameter [31] or flow engines of the low trust
class [4]. They are usually placed on the wing leading edge
or at the fuselage. This division and location of the propulsion is aimed at improving the propulsion efficiency, improving the aerodynamic parameters of the aircraft and
a better balance of energy consumption during the flight [7,
11, 20].
In the presented publication, the authors focused on the
analysis and synthesis of the last of the above-mentioned
research problems – the possibility of using propulsion
systems in aviation based on hybrid, combined or allelectric drive.

2. Research problem
The current trend combining activities increasing the efficiency and effectiveness as well as the environmental
performance (3E) of aircraft propulsions forces the development of new technical solutions or improvement of current ones.
One concept is to use an electric propulsion to propel
aircraft. Electric motors are characterized by high efficiency, reaching up to 95% [10, 15, 34], and in relation to piston engines of the same power they show a better power-toweight ratio. For comparison, the Emrax 268 engine, which
weighs 11 kg, generates 110 kW of peak power and 500
Nm of peak torque [34]. In contrast, the Wankel AG 807 tgi
piston rotary engine, which weighs 35 kg, for 75 kW of
power, generates 80 Nm of torque [37]. In the case of an
electric motor, attention should also be paid to [2, 3, 18]:
− lack of complicated equipment, nor heavy cooling
and oil system,
− lower vibrations generated by the propulsion system,
which, combined with the lower mass of the engine,
allows building simpler and lighter systems integrating the propulsion with the plane,
− high reliability,
− simple operation.
Among other things, these properties have caused the
popularity of the use of electric propulsion in both amateur
modelling aircraft and unmanned aerial vehicles (UAVs).
Initial selection of the engine for driving an unmanned
vehicle requires first of all determining the take-off mass of
the vehicle [1]. Based on this information and aerodynamic
4

data, based on the known power method [6], the value of
the power required for the aircraft flight is determined. The
power of the propulsion system depends on the propeller
efficiency for a given flight speed and the power received
by the propeller.
It seems interesting to compare the performance of unmanned vehicles of short or vertical take-off (VTOL) presented, e.g. in [11], where the performance of combustion
and electric vehicles with the same take-off mass is taken. It
was shown that for the same take-off mass and same power
generated at the start of the vehicle, the range of UAV
equipped with electric propulsion is reduced threefold.
For short missions it is not necessary to construct complicated hybrid propulsion and purely electric propulsion is
sufficient [14]. In addition, the authors show that allelectric propulsion systems are still too heavy, and the
combustion-electric hybrid systems do not offer noticeable
benefits over conventional configurations. However, they
state that for a greater flight distance, hybrid technology
constitutes a more advantageous propulsion system compared to a purely combustion system, even with the energy
density for the battery of 500 Wh/kg. The authors also show
that electric VTOL aircraft will not be able to cover a distance of 500 km, even with a minimum take-off mass. In
addition, based on their computational research, the authors
state that the use of distributed propulsion allows more
efficient use of energy stored on board.
Among the studies on current trends in aviation technology, the use of electric and hybrid propulsions in small
and passenger aviation is described, which was presented in
the doctoral dissertation [23]. An interesting concept presented in the dissertation is the propulsion using ducted fans
driven by electric motors. These fans generate up to 80% of
the thrust necessary to flight. The electricity needed for the
fans to operate and the missing value of thrust for the flight
is generated by the turbine engine. This work also describes
the concept of a by-pass turbine-electric engine. A traditional turbine engine would work in the internal channel of
this engine and there would be no power turbine to drive
the fan. Due to this arrangement, it would be possible to
save fuel during the flight. The impact of this type of propulsion on reducing NOx and CO2 emissions during aircraft
operation was also described.
Based on the cited research, it can be concluded that the
main disadvantage of electric propulsion systems used in
aircraft constructions is their high mass. The high mass of
the batteries together with their relatively small capacity
results in a low value of the energy density stored on board
– compared to e.g. the energy density stored in the hydrocarbon fuel. These properties affect the limited range or
duration of the flight, which are affected by increased requirement for power during manoeuvres, such as take-off or
climb. Therefore, it seems interesting (until an energy
source with sufficient energy density is developed) to develop a hybrid propulsion that would allow to increase the
usable parameters of the aircraft.
A hybrid system is the one where the energy necessary
for the flight of an aircraft comes from more than one source.
The most common solutions are electric-combustion systems, where energy comes from both the combustion of
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hydrocarbon fuel and the energy accumulated in batteries.
The system in which fuel cells are used to replace the combustion engine is also called hybrid. An important energy
indicator determining the type and design of the propulsion
system is so-called degree of hybridization [3, 10, 15, 16].
The degree of hybridization is the ratio of energy from the
battery to the total energy accumulated on board the aircraft,
and can be described by the formula (1):
H

(1)

where: H – degree of hybridization, EBat – the amount of
energy stored in batteries, ETot – total energy accumulated
on board the aircraft.
At low values of the degree of hybridization, the amount
of energy stored in the batteries is small compared to energy coming from an combustion engine or fuel cell. For high
values of the degree of hybridization, it is the combustion
engine or the fuel cell that takes over the role of an auxiliary energy source.
The hybrid propulsion can be constructed in series or in
parallel and their schematic diagrams are presented in Fig. 2.

Fig. 2. Schematic diagrams of hybrid propulsion [8]

The serial propulsion is characterized by the fact that
the propeller is driven exclusively by an electric motor [711]. The energy needed for flight in systems with a low
degree of hybridization is generated by a piston or turbine
combustion engine, e.g. APU engines or other solutions
presented in [3, 28, 33].
The electrical system is complemented by the battery to
provide energy when the combustion engine or fuel cell is
not generating electricity. In systems with a high degree of
hybridization, the combustion unit and electric generator
are used to recharge the battery and maintain its capacity,
thereby increasing the range and flight duration. The combustion engine-generator system is called a range extender.
In this case, the role of the range extender can be taken over
by a fuel cell, e.g. a hydrogen fuel cell, as in the AOS H2
motor glider [20].
In a hybrid serial propulsion system, the propeller is
driven solely by an electric motor of dimensions adapted to
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the maximum energy requirements – energy consumption
depends on the aerodynamic performance of the propeller
and the requirements of the aircraft performing a given
flight mission. A multi-propeller system, where each propeller is driven by its own electric motor, is also possible.
Depending on the system layout and degree of hybridization, the combustion engine can work at a constant speed
and constant level of developed power, which enables optimizing it for one specific design point, i.e. set the operating range of the internal combustion engine to work at its
highest thermal efficiency. This will ensure the highest
power obtained on the propeller shaft with the lowest specific fuel consumption of the engine. The engine drives
a mechanically coupled generator that generates electricity,
which is then fed into the energy management system. The
power can be directed directly to the electric motor that
drives the propeller or the power is divided between the
battery (to charge it) and the motor driving the propeller.
Such a system is safer due to the fact that the battery is
a safety buffer in case of a failure of the charging system or
running out of the fuel [10]. The energy management system also enables to supply additional energy from the battery to the aircraft’s propulsion if the required power is
higher than that which the charging system can provide.
Thus, if the combustion generator or fuel cell possesses the
parameters (obtained electric power) enabling efficient
flight, the electric generator and battery can provide the
excess power used for take-off and climb of the aircraft.
If the battery pack is properly selected for the airframe
in terms of energy and mass, the aircraft with serial hybrid
propulsion system can also operate in all-electric mode.
This may be desirable from the point of view of noise and
pollutants emissions reduction [29], especially during the
take-off and initial climb phase [26, 27].
A parallel hybrid is a configuration in which the internal
combustion engine and electric motor operate in mechanical coupling [11, 12]. In the case of a parallel hybrid propulsion system, the electric motor and the internal combustion engine are mechanically connected to the propeller
shaft, often via a gearbox. For a system with a low degree
of hybridization, an electric (of low power) motor will
support the internal combustion engine during the take-off
and climb to achieve the assumed rotational speed of the
propeller and the steady engine parameters of the most
favourable performance characteristics (the ratio of developed power to fuel consumption).
It should be noted that an implementation in which an
electric motor drives one propeller and an internal combustion engine drives another propeller [11] is also considered
a parallel hybrid. The total required power is divided between internal combustion engine and electric motor, which
corresponds to the designated degree of hybridization of the
structure. This enables to optimize the construction by applying a smaller internal combustion engine, as well as
a properly selected electric motor. Compared to the serial
configuration of the hybrid propulsion, the electric motor in
the parallel hybrid propulsion system can be smaller and
lighter because it provides only a certain amount of the total
power and constitutes in this regard an auxiliary engine.
Since the power obtained by the internal combustion engine
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is mechanically transferred to the propeller, there is no
dedicated generator in such a system. This reduces the
complexity and mass of the propulsion unit and positively
affects its propulsion efficiency [31].
The application of this type of solutions in General Aviation (GA) aircraft was analysed in [9]. The authors point
out that the use of traditional methods to determine aircraft
geometry in the conceptual design phase is inadequate for
hybrid or electric propelled aircraft. They propose to reduce
the computed value of wing area obtained via computations
using a traditional approach to design by increasing the
power of the engine. The approach presented could be beneficial during the high-speed flight phase. When taking-off
and flying at low speeds, the excess power needed may
limit the overall range and duration of the flight. The authors rightly noticed that for the traditional configuration of
the aircraft the most advantageous is the parallel system –
an electric motor and internal combustion engine driving
the propeller together. This is due to the characteristics of
the combustion engine. The authors did not mention that
the internal combustion engine achieves its greatest efficiency for the flight range, while in transient states it would
be advisable to use an electric motor as a booster. This is
because a serial propulsion or propulsion using range extender may be more advantageous when adopting propulsion using more than one propeller. The authors also state
that hybrid and electric propulsion can be successfully used
on light aircraft and GA.
Increasing efficiency (increasing range and reducing
fuel consumption) and reducing environmental impact
(reducing emissions) constitute the issue raised in [13]. The
authors presented the possibilities of adopting aircraft structure optimization to reduce fuel consumption and increase
the aircraft range. This issue is the foundation for multicriteria optimization of the aircraft structure or flight parameters with the aim of improving the environmental and
performance indicators of the aircraft. Optimization can
relate to both the selection of aircraft flight trajectories and
the reduction of aircraft mass. Properly designated flight
path can significantly affect the performance of the aircraft
and the propulsion system, such as fuel consumption or
pollutants emission, as shown in [24-29]. On the other
hand, the optimized mass of the aircraft significantly reduces fuel consumption, which is associated with lower power
and thrust required for an aircraft’s steady flight at a certain
speed [20, 31]. Such an approach to aircraft design is inline
with the ‘3E’ paradigm.
The hybrid propulsion system combines the advantages
of the systems based on hydrocarbon fuel and the systems
powered by batteries [8]. It can contribute to more efficient
operation of internal combustion engines assisted by an
electric motor in transient states. In addition, hybrid designs
offer greater flexibility for comprehensive aircraft design,
such as distributed propulsion. This is possible because the
power of an internal combustion engine can be transferred
to light electric motors by means of wires instead of many
heavy engines or drive shafts, as noted by the authors of
[8]. The authors, after analysing various configurations of
hybrid propulsion with different degrees of hybridization
using a combustion generator, noticed the potential benefits
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of this type of assembly. They state that hybrid-electric and
all-electric aircraft can revolutionize the propulsion and
construction of the aircraft. However, to take full advantage
of these concepts, new and innovative aircraft design methods need to be developed. Best performance is only
achieved through a comprehensive approach in aircraft
design. It is an approach where the airframe and propulsion
system are designed simultaneously, and the design is optimized in terms of aerodynamics taking into account the
interference between the airframe and rotors or propellers.
This can ensure the efficient use of energy stored on board
the aircraft in its various types.
The result of work on electric and hybrid propulsions
are flying vehicles, both manned and unmanned, built in
recent years.
Airbus has been developing the E_Fan aircraft concept
since 2014. It is the vehicle with a wingspan of 9.5 m and
an aircraft length of 6.67 m. The propulsion is responsible
for two ducted fans with a thrust of 0.75 kN each, powered
by 30 kW electric motors. The take-off mass of this aircraft
is 550 kg, 170 kg of which is the lithium-polymer battery
(li-pol). The E_Fan is a platform used for testing the concept of zero emission jet propulsion. An extension of this
concept is the aircraft with so-called range extender –
a combustion engine driving an electric generator, which is
expected to be presented in 2020. A further development of
this project is the concept of the E_Fan X passenger aircraft
(presented in Fig. 3), where three traditional turbine jet
engines are supported by the engine tested in the E_Fan
aircraft. The electricity needed to drive it, is generated by
combustion engines.

Fig. 3. The E_Fan X aircraft [31]

Pipistrel company has presented the Panthera aircraft
[35] (cf. Fig. 5 – it is worth paying attention to the refined
silhouette in terms of minimizing aerodynamic drag force),
which is available in three variants: combustion, hybrid and
all-electric. Each version is designed for different target
groups of customers. The internal combustion engine is
dedicated to people who need fast long-distance travelling,
while the electrical system, which is the most environmentfriendly solution, is mainly used for local communication.
The hybrid system is a combination of these two concepts,
however, the complexity of design and operation can increase operating costs.

COMBUSTION ENGINES, 2020, 181(2)
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Fig. 4. Pipistrel Panthera aircraft [35]

Constructions equipped with eco-friendly propulsions
are also: the Boeing Phantom aircraft equipped with a fuel
cell to drive avionics, the German Antares 18E motor glider
– a high performance aerobatic vehicle equipped with
a small electric motor providing the possibility of an independent take-off and a safer flight. A fuel cell version has
also been developed.
The AOS 711 (Fig. 5) and AOS H22 motor gliders are
noteworthy. They were developed by a consortium of
Rzeszow University of Technology, Warsaw University of
Technology, AGH University of Science and Technology
and The Glider Factory ‘Jeżów’–Henryk Mynarski. The
first one is a purely electrical construction and the second
one is a hybrid using a hydrogen fuel cell.

a system is based on the use of many small electric motors
or combustion engines. Low-thrust jet engines, fans or
propellers driven by electric motors can be used. These can
be all-electric as well as hybrid or combustion units. Propulsion elements can be placed along the leading edge of
the wings [31], on the fuselage and even on the aircraft
stabilizers. The purpose of the research on this system is to
demonstrate that having the same power of a small engine
assembly as the power of a traditional ‘focused’ power unit,
it is possible to achieve more favourable performance characteristics, such as increasing thrust with lower fuel consumption and lower pollutants emissions into the atmosphere. Many scientific and research centres worldwide
undertake work on these issues.
The company JOBY Aviation together with NASA runs
the LEAPTech research program, which aims to build an
electric aircraft using the amount of electricity available on
board the aircraft more efficiently. Additional goals are to
remove internal combustion propulsion and to reduce noise
emission significantly. Therefore, the construction of an
aircraft equipped with all-electric distributed propulsion
was undertaken. The Cirrus SR22 aircraft served as a comparative base for research. The results of the research conducted were published, e.g. in [31]. To validate the design
assumptions, the performance of the Cirrus 22 aircraft with
a traditional propulsion system was compared with its
LEAPtech development equipped with distributed propulsion of the same take-off power. The analysis was carried
out with the CFD simulations and laboratory ground tests of
wing flow by air flow generated by electric motor-propeller
assemblies. Table 1 contains basic technical data for both
aircraft, and Fig. 6 shows the LEAPtech aircraft.
Table 1. Comparison of technical data for Cirrus and LEAPtech aircraft [2]
Take-off mass
Seats
Wing span
Aspect ratio
Wing area
Wing loading
Cruise speed
Cz for cruise speed

Cirrus SR22
1542 kg
4
11.7 m
10.1
13.5 m2
114.2 kg/m2
340 km/h
0.3

LEAPTech
1361 kg
4
9.45
17.4
5.1 m2
266.86 kg/m2
320 km/h
0.77

Fig. 5. The AOS 71 motor glider 71 [35]

Hybrid and electric propulsions have a significant disadvantage – it is the large mass of the propulsion system,
which is particularly visible in the case of smaller aircraft.
To increase aircraft propulsion performance, energy management on board an aircraft could be optimized [17].
Distributed propulsion constitutes an alternative to traditional propulsion systems. As previously mentioned, such
1

2

KBN/68/12823/IT1-B/U/08 pt. „New generation multifunctional twoseater motorglider”.
NCBR PBS3/A6/24/2015 pt. „Hybrid propulsion using fuel cells of light
aircraft”.
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Fig. 6. LEAPTech concept aircraft [21]

As shown in Table 1, despite the reduction of the bearing surface by more than 2.5-fold, researchers estimate that
the bearing force coefficient in the flight range will be more
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than twice as high. Czmax, on the other hand, will be over
4 times higher due to the propellers placed on the wing
leading edge. An accelerated airflow will flow around the
upper surface of the airfoil much faster than in the case of
a traditional aircraft design system, hence a significant
increase in aerodynamic lift at the same value of energy put
in the aircraft’s propulsion.
The possibility of using distributed propulsion in the
VTOL aircraft was described by the authors of [7]. They
arranged the rotors in such a way that the vehicle could start
vertically. Then, sequentially, the rotors together with the
fixed wing would change the configuration for horizontal
flight. Such a layout of the propulsion can bring measurable
benefits in the form of more efficient energy distribution on
board. An equally important element is the use of rotors to
control the direction of flight of the aircraft, which reduce
the number of complex elements of the aircraft control.
A number of studies, particularly represented by [21,
22], raised the idea ofdistributed propulsion for aircraft
intended to replace traditional long-range passenger aircraft. There were demonstrated advantages of such a system, such as a 15% reduction in fuel consumption and a
significant reduction of harmful compounds emitted into
the atmosphere (NOx and CO by 25%). There were described all-electric and hybrid jet systems. The hybrid power of the aircraft’s engines uses energy generated by a traditional turbine engine coupled to an alternator. Depending
on the concept, this engine can only be used to generate
electricity, such as APU (Auxiliary Power Unit), or it can
generate extra thrust. Studies [19, 21, 22] also show the
possibilities of using hybrid or distributed propulsions in
passenger aircraft. Propulsions of this type would be based
on a large fan motor providing part of the thrust, the remaining part would be generated by electrically driven fans
or by distributed propulsion. Analyses are carried out regarding energy flow, fuel consumption and range compared
to currently used flying vehicles. The significant impact of
the new approach on reducing emissions of pollutants present in the exhausts is indicated.
Based on the research work analysed, it can be concluded that the use of hybrid or distributed propulsion can bring
measurable benefits in the form of reduced energy or fuel
consumption. However, such analyses would require experimental verification (CFD tests, energy flow modelling,
determination of electricity consumption by fans – going
into megawatts) and bench tests of propulsion system components. This could bring a broader view on the considered
problems of air-propulsion development.
The application of distributed propulsion can significantly improve the performance of the aircraft. In [20], the
authors presented a proposal for the use of distributed propulsion for a hybrid glider based on a hydrogen fuel cell.
Calculations showed that it is possible to reduce hydrogen
consumption by 3 kg, which will increase flight duration by
26.5%.
Based on the analysed research from various scientific
centres, it can be concluded that conducting further focused
research on pro-ecological solutions is justified and is not
a temporary fashion but it falls under the ‘3E’ paradigm.
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3. Conclusions
Electric propulsions constitute a very interesting solution from the point of view of the attained aircraft performance in various flight conditions and the attained ecological properties. The characteristic of electric motors allows
for more beneficial use of the propeller characteristics – it
is easier to maintain the propeller within optimal parameters in terms of its efficiency during flight. In addition, the
electric motor generates a lower level of vibration compared to the piston engine. This seemingly ideal propulsion
also has its weaknesses. There remains a problem related to
the range limited by the capacity of heavy batteries that do
not provide a sufficient level of energy density to ensure the
satisfactory range of the aircraft. For the same aircraft, the
energy density in the hydrocarbon fuel (for the combustion
propulsion variant built on the airframe) is two orders of
magnitude higher than the one stored in batteries. In addition, the mass of the batteries reduces the payload of the
aircraft and also reduces the range due to the aircraft’s
performance during the flight.
The hybrid propulsion is a transition phase before developing batteries with the appropriate energy density or
efficient (lighter) fuel cells. However, it has a significant
drawback, which is the complexity of the structure and the
increase in the aircraft’s take-off mass. There are also problems with ensuring the electromagnetic compatibility of
complex high-energy systems making a fuel cell-based
propulsion system. In the case of hybrid propulsion with
a low degree of hybridization, there is a reduction in fuel
consumption and exhaust as well as noise emissions, but
the electric motor supports the internal combustion engine
only at take-off or climb. An internal combustion engine is
used during the cruise. Because of this and the flight characteristics of the aircraft (take-off and climb are relatively
short stages of the flight), such systems seem to be not
completely accurate for usage in aviation applications. The
greater advantages of such a system could be seen in automotive applications where variability of rotational speed
and engine load is often found, e.g. during city driving. For
aviation applications, it seems advisable to use propulsions
where the internal combustion engine drives the generator
to recharge only the battery of the marching electric motor.
This generator can be replaced by a fuel cell. Further work
on hybrid and electric propulsion indicates that rather heavy
and inefficient fuel cells will be the source of electricity for
now, which will in time acquire sufficient features to ensure
satisfactory aircraft performance.
Distributed propulsion can compensate for some of the
disadvantages of electric propulsion by more efficiently
managing energy on board, thereby ensuring greater range
and duration of the flight. The same observation can also be
made for hybrid propulsion, where the energy source is
accumulators and a combustion generator or fuel cell. Previous studies carried out in various centres around the
world as well as the authors’ own research indicate that
potential benefits of distributed propulsion should be sought
in improving the aerodynamic parameters of the aircraft.
Just selecting the propellers with a small diameter and the
engines so that they run at their best efficiency parameters
can result in lower energy consumption from its sources by
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a few percent. Only the forced acceleration of the air stream
over the wing and thus increasing the lift coefficient (up to
4 times!) can bring measurable benefits for planning the
power unit work strategy to minimize energy consumption,
thereby increasing the range and duration of the flight.
The presented study indicates further research perspectives on the development of future propulsion for aviation
falling under the 3E paradigm. The projections for devel-

opment of distributed propulsion are promising. This type
of propulsion can enable to increase efficiency and reduce
fuel consumption, thereby reducing pollutants emissions in
the exhausts and improving economic indicators. The development of this concept will be associated with a new
approach to the design of flying vehicles as a transport
system, and not a system of components with different
functionalities.

Nomenclature
APU
Auxiliary Power Unit
ATM Air Traffic Management
CAEP Committee on Aviation Environmental Protection
CFD
Computational Fluid Dynamics
CO
carbon monoxide
CO2
carbon dioxide
Cz
lift coefficient
EBat
amount of energy stored in the battery
total amount of energy stored on board the aircraft
ETot
H
degree of hybridization
NOx
nitrogen oxides
ICAO International Civil Aviation Organization
NASA National Aeronautics and Space Administration
SESAR Single European Sky ATM Research programme
UAV unmanned aerial vehicle
ULD
unit load device
VTOL Vertical Take Off and Landing
Aspect ratio: a measure of leaf slenderness expressed by the
quotient of the flap length and its average geometrical
chord

Degree of hybridization: the ratio of the amount of energy
stored in batteries to the total amount of energy
accumulated on board the aircraft
Distributed propulsion: the propulsion composed of a series
of low-power thrust units located on the wing leading
edge or on the fuselage
Energy density: the ratio of the amount of energy
accumulated in the energy source to its mass
Flying wing: the structural system of an aircraft or glider
without tail and not define a fuselage
Hybrid propulsion: a system using more than one energy
source (e.g. battery and hydrocarbon fuel) to propel an
aircraft or wheeled vehicle
Wing area: the surface of the projection of the aircraft’s
airfoil on a horizontal plane, giving the lift force
Wing loading: the ratio of the aircraft’s mass (kg) to its
wing area (m2)
Wing span: distance between the wing ends of the aircraft
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By-products from thermal processing of rubber waste as fuel for the internal
combustion piston engine
The article presents results of investigation on the combustion of a mixture of pyrolysis oil from tires and regular fuel in the internal
combustion reciprocating piston engine. The tested fuel consisted of: diesel fuel and pyrolysis oil at amount of 10% by volume. The tests
were carried out on a single-cylinder naturally aspirated compression-ignition engine. The engine was equipped with a common rail fuel
injection system and an electronic control unit that allowed changing injection timing. A comparative analysis of pressure-volume charts
for the reference fuel, which was diese fuel, and for a mixture of diesel with 10% addition of pyrolysis oil was carried out. Injector
characteristics for the reference fuel and the mixture were determined. Engine efficiency for both fuels was also determined.
Unrepeatability of the engine work cycles for the diesel fuel and the tested mixture was calculated. Finally, exhaust toxic emission was
analyzed. It was found that the pyrolysis oil can be used as valuable additive to regular diesel fuel at amount up to 10%, however, toxic
exhaust gases emission was increased.
Key words: pyrolysis oil, thermal conversion, biocrude, diesel engine, alternative fuels

1. Introduction
Thermal processing of organic matter is an alternative
method of obtaining fuel for internal combustion piston
engines. Pyrolysis is one of the methods of organic thermal
processing. Pyrolysis is a process in which organic material
is heated up to temperature of approximately 500°C in
oxygen-free atmosphere. The composition and quantity of
individual fractions of pyrolysis products depends on the
following [5, 15]:
− physical-chemical properties of the input material,
− temperature,
− pyrolysis reactor type,
− process speed (heating up time, retention time).
During pyrolysis, organic material is converted into the
following [12, 13]:
− the gas fraction, also called pyrolysis gas, which
apart from methane, ethane, carbon monoxide and
dioxide and water vapors also contains vapors of
hydrocarbon compounds,
− solid fraction consisting of carbon, metals and other
inert substances,
− liquid fraction called pyrolysis oil, that is formed after
cooling the pyrolysis gas to ambient temperature. The
composition of pyrolysis oil includes: condensed hydrocarbon compounds, tars, water, alcohols and organic acids. Raw pyrolytic oil is a dark-brown substance with a strong characteristic odor [2, 8].
Exemplary fractions produced from the pilot installation
at the Czestochowa University of Technology are shown in
Fig. 1. The pyrolysis installation is equipped with a screw
feeder for moving the input material. Heating is carried out
by electric heaters. The system is equipped with a controller
to control the set point temperature and a frequency converter that allows changing the retention time of keeping
the charge material in the heating zone. The largest share is
a solid fraction, which contains significant amount of energy up to 90% in comparison to the input material. The gas

fraction constitutes approximately 30% and contains nearly
10% input energy of the material [10].
The most desirable product of pyrolysis is the oil fraction, which can be used as liquid fuel that can be origin for
further processing to obtain various chemical compounds.
The gas fraction is most often used for process itself. The
solid fraction is managed as a final product – char or activated carbon [4, 11, 15].
10% Energy
30% Mass
100% Energy
100% Mass

input material

PYROLYSIS
REACTOR
350-550oC
(lack of oxygen)

gas fraction
(pyrolysis gas
and pyrolysis oil)

90% Energy
70% Mass

solid fraction
(char)

Fig. 1. Mass and energy distribution in pyrolysis process

Pyrolysis reactors have various construction. The most
common installations are as follows: fixed bed reactor,
fluidized bed reactor, screw conveyor reactors, rotary cone
reactor, ablation reactor. Depending on the type of reactor,
the worn out tires can load the reactor directly (fixed bed
reactor) or require fragmentation (e.g. fluidized bed reactor). The pyrolysis process can be carried out with the addition of a catalyst, which aim is to remove unwanted compounds from the gas [7, 12].
As the input material for the pyrolysis process, various
kinds of organic waste: from the food industry, waste from
the agricultural industry, waste from the fish industry,
waste from the wood industry, municipal waste, special
purpose crops can be used. The problem of managing worn
car tires has been growing in recent years. Tires do not
degrade in the natural environment for up to 100 years.
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They are a nuisance waste and have been classified as
waste that should be professionally utilized [6, 9].
The amount of tires waste increases year by year. All
rubber waste constitute about 80%. It is estimated that 1.5
billion tires are produced annually in the world. Until now,
the main technology of tires recycling is to burn them in
cement plants. Another option is to use them for the pyrolysis process [14].
The literature presents results of research on applying
pyrolysis oil (PO) from tires as the additive to regular fuel
(diesel fuel – DF) and also as a stand-alone fuel. For example, in [8] an analysis of engine operation was carried out
on a mixture of diesel fuel mixed with biodiesel and pyrolysis oil from tires. The addition of individual components
was as follows: 80% diesel fuel, 10% biodiesel and 10%
pyrolysis oil from tires. As a result of the experiment, the
authors found that the addition of this pyrolysis oil increases the engine torque and power. The addition of the pyrolysis oil reduces NOx and CO emissions. According to the
authors, the disadvantage of tire pyrolysis oil is the need to
filter and desulphurize it before feeding it to the engine.
In article [11], the authors used tire pyrolysis oil as fuel
to a 4-cylinder diesel engine. They concluded that the tire
pyrolysis oil has a lower cetane rating but is still
a promising alternative fuel. They observed that the engine
can only work on pyrolysis oil without addition of improvers to get higher cetane number. The use of oil from the
pyrolysis of tires allows to maintain the emission of toxic
gas components at a level comparable to those where the
engine is running on diesel fuel.
In [6] Authors used oil from tire pyrolysis as the additive to diesel fuel. The authors created mixtures with pyrolysis oil of 10%, 20% and 50% by volume. They concluded
that the addition of 10% pyrolysis oil may occur as best
alternative fuel due to satisfactory good engine performance
and environmental aspects as well.
Based on the literature analysis, combustion tests of the
mixture of diesel fuel and oil from pyrolysis of tires in
a single-cylinder diesel engine were taken. Hence, the main
target of the work was to investigate the pyrolysis oil as the
additive at 10% to diesel fuel.

2. Description of the research stand
The test stand is shown in Fig. 2. It is the engine coupled with a generator connected to power grid. To measure
electrical power three-phase electricity meter (1) was used.
The three-phase asynchronous generator/motor (2), with
a power of 15 kW at 400 V rated voltage is used first to
start up the engine and then it works as a dynameter. The
asynchronous motor has two operating speeds: 1465 rpm
and 975 rpm. A lower rotation speed of 975 rpm was applied to investigation.
The technical specifications of the compression ignition
engine S320 (3) are shown in Table 1.
The engine underwent a number of modifications to be
adapted to research. The most important change was modification of the cylinder head. It has additional mounting
sockets needed to mount an additional injector and a pressure sensor. Currently, two common rail injectors and
a piezoelectric pressure sensor are installed in the cylinder
head. The second important change of the engine was re12

placement of the original evaporation based cooling system
by an radiator cooler. The cooling system works at ambient
pressure. The cooling system and all elements of test stand
are shown in Fig. 3.

Fig. 2. Diagram of the test stand
Table 1. Technical data of the engine S320
Type of engine
Fuel
Number of cylinders
Direct of cylinder
Number of valves
Cylinder bore
Piston stroke
Engine displacement
Compression ratio
Nominal power(1)
Maximum torque(1)
Specific fuel consumption
Capacity lubrication system
Oil consumption
Beginning of fuel delivery
Injection pressure
Suction valve timing
Exhaust valve timing
Valve clearance for cold engine
Oil pressure in the warm engine
Cooling
Engine weight

Four-stroke
Diesel Fuel
Single
Horizontal
2
120 mm
160 mm
1810 cm3
17
13.2 kW for 1500 RPM
93 Nm for 1300 RPM
234 g/kWh
172 g/HPh
10.5 dm3
4.1 g/kWh
variable
to 200 MPa
Opening: 23 CA deg before TDC
Closing: 40 CA deg after BDC
Opening: 46 CA deg before BDC
Closing: 17 CA deg after TDC
suction 0.4 mm
exhaust 0.4 mm
150-300 kPa
open water system
315 kg

(1) Parameters for temperature +15oC, pressure 100 kPa, relative humidity 60%

The original Andoria S320 engine fuel system was replaced by a modern common rail fuel injection system. The
three-section twin-piston pump (5) is driven by an asynchronous engine (4) with a power of 2.2 kW. The injection
pump contains three pressing sections arranged radially
every 120°. The pump is equipped with a pressure regulator. The fuel injection pressure is controlled with a controller. During the tests, fuel is injected at a pressure of 100
MPa. The asynchronous motor (4) is powered by a frequency converter (6), which allows to control fuel flowrate.
A fuel tank (7) is mounted next to the test stand. Fuel consumption is measured by the fuel flow meter (8). The fuel
system is equipped with a fuel cooler and an additional
preliminary, supporting low pressure a fuel pump. The
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cooler is needed at the stand, because with long time continuous work of the engine the fuel temperature increases
significantly. For fuel injection, the BOSCH 0445110076
(10) injector is used. An electronic system (15) is used to
control the injector timing. The controller makes it possible
to adjust the injection time with resolution of 10μs. In addition, it allows shifting start of injection. The electronic
system reads pulses from the encoder which is installed on
the camshaft (14). The encoder generates 360 pulses per
revolution. As the encoder is installed on the camshaft, the
change of injection start is at resolution of 2 deg crankshaft
revolution. For measuring in-cylinder pressure the Kistler
piezoelectric sensor type 6061B (9) is used. This sensor is
mounted into the cylinder head. The sensor sensitivity is –
25.8 pC/bar, measuring range up to 25 MPa. The signal
from the piezoelectric sensor needs amplification, therefore
another device in the measurement pathway is the charge
amplifier (11). The signal after amplification is registered
by the National Instrument measurement data acquisition
card (12). The encoder signal (14) is used to determine p-V
diagram in real time working conditions. SAWIR program
by Dr M. Gruca (13) is used to register and process engine
parameters in real time working conditions. The view of the
program window with real-time charts is shown in Fig. 4.

Fig. 3. The test stand

The exhaust gas analyzer Radiotechnika model AI9600
(16) is used to measure the concentration of toxic exhaust
compounds.

Fig. 4. View of the SAWIR program graphical interface and results
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Before tests, correct determination of TDC (top dead
center) location was done. Next, several engine geometrical
data were input to the software: crank radius, connecting
rod length, piston diameter, compression ratio. The engine
worked on reference fuel to reach operating temperature,
i.e. 363 K. At the beginning, the injector characteristics for
reference fuel and mixture of diesel fuel+10%PO were
determined, the injection time was changed in the range of:
2–6 ms with resolution of 10 μs. Fuel consumption time
was measured from a 41 cm3 meter. Fuel consumption time
was measured with accuracy of 0.01 s. Each test series
consisted of 200 engine consecutive combustion events.
During the experiment, the influence of the beginning of
the fuel injection start on the p-v plots was also examined.
At the same time, the concentrations of CO, NOx, HC in the
exhaust gas were measured. The tests were conducted for
regular diesel fuel as the reference fuel and the mixture of
diesel fuel and 10%PO. The proposed addition of 10%
pyrolysis oil to diesel fuel resulted from the research conducted so far on fuels. During the study, the authors measured: the concentration of hazardous compounds in the
exhaust gas using an exhaust gas analyzer that was connected to the exhaust gas outlet duct. During the fuel test,
a fixed injection time of 5 ms was maintained.

In next stage of tests, as seen in Fig. 6, the fuel applied
to tests was the mixture containing diesel fuel and oil from
tire pyrolysis (PO) at 10% by volume. Amount of PO was
limited to 10% only with risk of damaging the high pressure fuel pump. As previously, the fuel injection timing was
changed in the range of 24–34 CA deg bTDC. The duration
of injection was also 5 ms. The injection pressure was
100 MPa.

Cylinder pressure [MPa]

3. Methodology

7.5
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5.0
4.5
4.0
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3.0
2.5
340

4. Analysis of results

390

400
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26 deg bTDC
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30 deg bTDC

32 deg bTDC
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On the basis of the data obtained, a comparative analysis of the combustion pressure traces inside the engine
cylinder was carried out maintaining fixed injection timings. Both in-cylinder pressure and pressure rise rates for
reference fuel and mixture: DF+10%PO are presented in
Figs 7 and 9.
7

7.0
6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0

6
5

Start of
injection
32CA deg
bTDC

4
3
2
1

340

350

360 370 380
Crank angle [deg]

24 deg bTDC
28 deg bTDC
32 deg bTDC

390

400

0
250

300

26 deg bTDC
30 deg bTDC

Fig. 5. Cylinder pressure vs. crank angle range 340–400 deg for a variable
start of fuel injection, fuel: DF
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360
370
380
Crank angle [deg]

Fig. 6. Cylinder pressure vs. crank angle range 340–390 deg for a variable
start of fuel injection, fuel: DF+10%PO

Cylinder pressure [MPa]

Cylinder pressure [MPa]

The time-pressure signals obtained from tests were used
to determine the following: indicated mean effective pressure (IMEP), injector characteristics, thermal efficiency of
the engine, toxic exhaust emissions.
The tests consisted of 2 stages. In the first stage, engine
tests were carried out with reference fuel, i.e. diesel fuel.
The fuel injection timing was changed in the range of 24–
32 CA deg bTDC. The injection time was 5 ms at 100 MPa
injection pressure. Start of injection was limited by diesel
knock occurring at timings advanced over 32 CA deg
bTDC. Graphs with exemplary in-cylinder pressure curves
are shown in Fig. 5.

350

DF+10%PO

350
400
450
Crank angle [deg]
DF

Motoring

500

550
TDC

Fig. 7. Cylinder pressure vs. crank angle range 250–550 deg for
a variable fuel
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COVLi 4.18%
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1.0
0.5
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23 45 67 89 111 133 155 177 199
Cycle number

Average value for DF+10%PO: 530 kJ/m3
COVLi 4.93%

DF

350

400
450
500
Crank angle [deg]

550

DF

DF+10%PO

Start of injection

TDC

600

Fig. 10. Combustion pressure increase

DF+10%PO

Fig. 8. Unrepeatability of the engine work for reference fuel and for
research fuel

Figure 9 shows the rate of pressure rise. It can be seen
that in the initial phase there is a faster pressure increase for
DF+10%PO than for reference fuel (DF). Visible peaks,
deviations from mileage caused by the start and end of fuel
injection.
0.5
0.4

The injector characteristics were determined for the reference fuel (DF) and for the tested mixture: DF+10%PO.
The results are shown in Fig. 11.
160

100

Volumetric flow rate

Rate of pressure rise [MPa/deg]

3.0

per injection]

1

3.5

[mm3

Indicated work Lind [kJ/m3]

Average value for Diesel: 578 kJ/m3

Figure 10 shows the pressure increase due to fuel combustion in the engine cylinder. The pressure plots present
positive pressure over the pressure from motored events.
The ignition timing in the studied case was 17 CA deg. The
injection time was 5 ms, i.e. fuel injection in crank angle
was 29.25 deg bTDC. Fuel injection ended approximately
1 CA deg bTDC.

Cylinder Pressure - Motored pressure [MPa]

The graph (Fig. 7) shows a slight decrease in in-cylinder
pressure after adding 10% PO. It affected lower combustion
pressure and decrease in the indicated work (Lind the same
as IMEP) and engine power. Pressure rise rate slightly
increased with PO addition as shown in Fig. 8. The mean
indicated work (IMEP) from 200 measurements was
578 kJ/m3. The unrepeatability of the engine's cycles was
4.18%. In the case of an engine fueled with a mixture of
diesel fuel and PO, the mean indicated work is 530 kJ/m3
(decrease by 8.3%) and the engine work cycles unrepeatability unremarkably increased to 4.93%.

0.3
0.2
0.1
0
-0.1
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80
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40
20
0
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3000
4000
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DF+10%PO

5000

6000
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-0.2
250

300
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450
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500

Fig. 11. Characteristic curves of the injection rate for both fuel

From the injector characteristics it can be seen that the
addition of 10%PO increases volumetric flow. Based on the
measurement of the amount of fuel burned in a given time

Fig. 9. Rate of pressure rise vs. crank angle
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and indicated work, the engine efficiency could be calculated according to the equation:
L
Q

(1)
1.0

where: Li – indicated work per cycle [kJ], QF – fuel energy
in a dose injected to the engine cylinder [kJ].
Table 2. Net heating value of fuels used [1, 3]

Net heating value
[J/mg]
Density
[g/cm3]
Net heating value
[J/mm3]

DF

PO

DF+10%PO

42.5

39

42.15

0.82

0.95

0.833

34.85

37.05

35.07

The results of the indicated efficiency for the tested
fuels with various injection timings are shown in Fig. 12.
The efficiency of the engine slightly decreased while supplying the engine with DF+10%PO mixture. The engine
achieved its highest efficiency for the most advanced fuel
injection timing (32 CA deg bTDC). The efficiency was
over 36%. The efficiency decreased with delayed fuel injection. The lowest calculated efficiency was 26% at injection
timing of 24 CA deg bTDC.
In addition, in Table 3, the IMEP as average from 200
combustion events is presented. For diesel fuel IMEP
reaches the highest value for 30 CA deg bTDC. For
DF+10%PO the highest IMEP value is for start of injection
timing 32 CA deg bTDC.
Table 3. Average IMEP for reference fuel and Diesel Fuel+10%PO
Start of injection
timing
[CA deg bTDC]
24
26
28
30
32

IMEP
Fuel DF

IMEP
Fuel DF+10%PO

[kPa]
462
514
507
578
552

[kPa]
449
522
501
530
546

The lowest IMEP achieved for the retarded fuel injection i.e. 24 CA deg bTDC.

CO concentration [%]

η =

The concentration of toxic exhaust compounds was also
measured during the tests. The results of the CO concentration in exhaust gases are shown in Fig. 13.

0.9
0.8
0.7
0.6
0.5
0.4
24

26
28
30
32
34
Start of injection timing [CA deg bTDC]
DF+10%PO

DF

Fig. 13. CO concentration in exhaust gases

The CO concentration increased significantly after adding 10%PO. The minimum CO was observed at 28 CA deg.
Retarding or advancing the injection increased the CO
content in the exhaust gas. It probably was caused by heavy
hydrocarbons in the pyrolysis oil that required longer time
for breaking up chemical bonds and complete combustion
that caused combustion process of PO slowed, that resulted
in slowing the overall combustion.
The NOx content is shown in Fig. 14. Regardless the
fuel fed, the earlier the fuel injection into the cylinder, the
higher the NOx content in the exhaust gas. For all cases, the
NOx concentration was higher when the engine was fueled
with DF+10%PO. Higher NOx emission is difficult for
explanation when both CO and unburnt HC also increased.
The NOx emission probably was caused by locally higher
temperatures that promoted thermal mechanism for NOx
formation.

NOx concentration [ppm]

Indicate thermal efficiency [%]

270
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35
33
31
29
27

230
210
190
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150
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26
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32
Start injection timing [CA deg bTDC]
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Fig. 12. Indicated thermal efficiency curves
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Start of injection timing [CA deg bTDC]
DF+10%PO
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Fig. 14. NOx concentration in flue gases

COMBUSTION ENGINES, 2020, 181(2)

By-products from thermal processing of rubber waste as fuel for the internal combustion piston engine

The toxic unburnt hydrocarbons (HC) in exhaust gases
is shown in Fig. 15. The HC was also significantly higher in
the case of engine operation on the mixture: DF+10%PO
rather than on reference fuel (DF). The reason was probably
the same as for CO, so presence of heavy hydrocarbons in
the pyrolysis oil taken for investigation.

HC concentration [ppm]

140
130
120
110
100
90
80
70
60
24

26
28
30
32
34
Start of injection timing [CA deg bTDC]
DF+10%PO

DF

Fig. 15. HC concentration in exhaust gases

5. Conclusion
Utilization of liquid products from the thermal treatment
of waste rubber (car tires) through combusting them in the
IC engine is one of the methods that might be less harmful
to the natural environment.
Oil from tire pyrolysis (PO) can be mixed with diesel
fuel (DF) at amount of 10% by volume and used to power
diesel engines.
As observed, addition of this pyrolysis oil (PO) causes
decrease in-cylinder combustion peak pressure, that causes
decrease in the mean indicated work (IMEP) and the engine
power as well as its efficiency.
After adding PO the unrepeatability of consecutive engine work cycles increased slightly.
PO added to DF causes increase in injector flowrate by
15–25%.
The addition of pyrolysis oil from tires to diesel fuel
causes increase in toxic engine exhaust emissions: carbon
monoxide, nitrogen oxides and unburnt hydrocarbons.
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Nomenclature
BDC
bTDC
CA
CI
CO
COV
DF
HC

bottom dead center
before top dead center
crank angle
compression ignition
carbon monoxide
coefficient of variation
diesel fuel
unburnt hydrocarbons

HPh
IMEP
Li
NOx
PO
QF
RPM
TDC

horse power-hour
indicated mean effective pressure
indicated work
nitrogen oxides
pyrolysis oil
fuel injected energy
revolutions per minute
top dead center
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Łukasz ŁOZA

The analysis of vibrations in the vehicle with naturally aspirated and turbocharged
gasoline engine
In this paper, the author presents a study of vibrations in a passenger vehicle and the possible influence on driver’s body in the
process of natural operation. The author describes the dependence of engine size and additional equipment as the possible primary
source of the vibration variations and their further propagation in the entire vehicle structure. The analysis was performed on the
passenger cars with naturally aspirated and turbocharged gasoline engines. The aim of this study was to verify the level of vibrations in
the vehicle structure with these particular engines, especially influence of downsized power unit, during various state of engine
operation. The second goal was to examine the vibrations in the specified location related to driver’s body. The measuring method used
piezoelectric accelerometers, which were attached to the designated locations in the vehicle and were able to detect variations of the
acceleration. The signals were collected as characteristics in the time domain. In order to achieve frequency domain for spectral
analyses, the author applied the Fast Fourier Transform (FFT).
Key words: vehicle, vibration, engine, downsizing, fast Fourier transform, accelerometry

1. Introduction
Nowadays, the most challenging task for every car
manufacturer is to fulfill environment regulations imposed
by governments and among others, the European Union.
Restricted requirements for toxic products emission trigger
additional actions which every car company has to take into
consideration from the beginning of the new project for
a new vehicle release [1, 2].
The problem with the current approach to emission regulations is that they focus strongly on the one aspect of
harmful emission from engine combustion and its impact
on the environment, while not covering the others enough.
One of those aspect is the vibrations which are the inseparable characteristic for every running light and heavy
machinery. The measured type and level of vibrations can
display technical condition much easier, faster and more
precisely than the traditional disassembly inspection.
Vibrations have significant impact on two major aspects. The first one is a degradation of the machine, which
can lead to malfunction and eventually serious failure [3].
The second one is the potential harmful effects on the human body, which can cause discomfort during the operation
or even the vibrational disease [4].
The existing tests before every car production launch
show, that besides the Euro NCAP crush tests, there is no
sufficient research about essential effects on people in the
car while everyday operation, excluding unexpected and
rare events, such as road accidents.
The review of recent exemplary studies [5-8] describe
the test methodologies in this subject, yet they do not cover
this issue entirely. They most often focus on one aspect
during the tests, neglecting the state and technical description of the car. They also do not have specified various
measurement locations for sensors related to people in the
vehicle, especially the driver.
There is an apparent lack of advanced researches into
vibrations which affect human’s body during operation of
passenger vehicles. The author would like to broaden the
view for this subject and fill in the gap on this significant
matter.

This paper presents the introduction of author’s approach for vehicle testing in regard to vibrations occurring
in the car structure during the driving, which could have
vital influence on driver’s body.
The author considers these studies as essential in regard
to vibroacoustic measurements for passenger cars and
a development of methodology comparing to current researches. Moreover, the author indicates the importance of
verification for the new generation of small, high power
engines equipped with high-speed turbochargers. This validation should evaluate whether those engines have possible
harmful effects on vehicle users.
The purpose of this study is to verify the utility of this
measuring method and furthermore, the author would like
to examine vibroacoustic emission in different cars, distinctive in various categories, such as year of manufacture,
engine size and auxiliary equipment.
This could lead to important correlations between indicated variables and displays potentially dangerous factors
for users.

2. Measurements
2.1. Investigated objects
The examinations were performed on the two similar
cars from different model generations. The first one is Seat
Leon 1 1.6 and the second one is Seat Leon 3 1.4 TSI. The
gasoline engines had comparable power and torque. The
Seat Leon 3 was equipped with turbocharger. The smaller
engine belongs to recent trend of engine design in the car
industry, where engine capacity is decreased while at the
same time the power is maintained at the same level by
addition of auxiliary
.
Table 1. Cars specification [4, 5]
YoM
Mileage [m]
Power [HP]
Torque [Nm]
Auxiliary

Seat Leon 1 1.6
2004
208 000
105
148
-

Received 21 April 2020; Received in revised form 10 May 2020; Accepted 12 May 2020
Available online 30 June 2020
This is an open access article under the CC BY license (http://creativecommons.org/licenses/BY/4.0/)

Seat Leon 3 1.4 TSI
2018
73 000
125
200
Turbocharger
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Fig. 1. Seat Leon 1 body overview [6]

Fig. 3. Test bench for vibration measurements

Fig. 4. Functional diagram for accelerometric measurements: 1 – vehicle,
2 – accelerometer, 3 – vibration signal input module, 4 – computer

Fig. 2. Seat Leon 3 body overview [7]

2.2. Measurement system
For the purpose of this research, there was chosen the
non-invasive measurement method using piezoelectric
accelerometers. It utilizes the piezoelectric effect, which is
occurrence of the electric potential on the surface of the
piezoelectric material, which is caused by the material deformation, alongside with the applied force [8].
During the mechanical vibrations the kinetic energy of
the material surface is converted into potential energy and
vice versa [9]. The force which causes the surface displacement effects on attached sensor. Inside the sensor, the
mentioned crystal is exposed to inertia, which allows obtain
certain acceleration of vibrating object surface [10].
The measuring system consisted of the PCB Piezotronics single axis sensors, model 352C04 (Table 2).
The input module was National Instruments 4-Channel
Dynamic Signal Acquisition Module, model NI-9234 (Table 3).
Table 2. PCB Piezotronics Accelerometer 352C04 specification [11]
PCB Piezotronics Accelerometer 352C04
Sensitivity
10 mV/g (±10%)
Measurement Range
±500 g pk
Frequency Range
0.5 to 10000 Hz (±5%)
Broadband Resolution
0.0005 g rms
Table 3. National Instruments Module NI-9234 specification [12]
National Instruments Module NI-9234
Signal Ranges
±5 V
Input Impedance
305 kΩ
Frequency Range
51.2 kHz
Accuracy
±50 ppm, ±0.006%, 0.3 mV
Frequency Range
0.5 to 10000 Hz (±5%)
Broadband Resolution
0.0005 g rms
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2.3. Measurement methodology
The examination was performed on the dyno MAHA
LPS 3000 [18]. The vehicle was prepared for examination
as it is shown in Fig. 3 and connected with measuring
equipment (Fig. 4). The ambient temperature was set to the
room temperature. The cars were technically fit and prerunning before measurements to obtain the proper working
oil temperature.
The ISO 2631-1:1997 [19] describes evaluation of human exposure to whole body vibration as well as the Polish
equivalent standard PN-EN 14253:2005 [20]. Both of them
present the subject in general manner, not focusing on particular cases.
Another Polish standard PN-91/S-04100 [21] describes
methodology and evaluation of vibrations at the workplace
in vehicles. This requirement presents more specific approach for vibration measurements, however the author did
not consider this one as covering the whole subject entirely.
For that reason, the author decided to develop original
approach for vibration measurements, which would extend
and supplement current standards.
The existing studies [22] proves that vertical direction
of measurements contains significantly lower frequency
range of signal, which is the most important regarding the
influence on human body.
The author selected two measurement points: on the engine mount and on the steering wheel. The locations were
related to driver’s body parts exposed for vibrations in his
seated position in the car. The sensors were positioned
vertically, along the gravitational force vector direction.
There were specified particular states for every run, in
which the cars were being measured. The velocities (30
km/h, 50 km/h, 90 km/h) were chosen as the most popular,
operational speeds which the vehicles are frequently driven.
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For every speed, the signals where collected on two selected gears. (Table 4 and 5).
The methodology for conducted research is designed to
be comparative, therefore all measurement errors are considered as systematic and not taken into result calculations.
Table 4. Car cases specification – Leon 1

2 gear [rev/min]
3 gear [rev/min]
4 gear [rev/min]
5 gear [rev/min]

Seat Leon 1
30 km/h
2180
1530
–
–

50 km/h
–
2550
1920
–

90 km/h
–
–
3420
2820
Fig. 7. Time course of the two sensors in the Leon 1

Table 5. Car cases specification – Leon 3

2 gear [rev/min]
3 gear [rev/min]
4 gear [rev/min]
5 gear [rev/min]

Seat Leon 3
30 km/h
1980
1310
–
–

50 km/h
–
2170
1650
–

90 km/h
–
–
2960
2370

2.4. Signal processing
The character of signals received from engine as a primary source of vibrations is considered as stationary. The
stochastic processes are stationary when the arithmetic
mean, variance and autocorrelation do not change in time.
The signals were transformed with the Fast Fourier Transform (FFT), which is a very effective tool for processing
this type of signals [23].

Fig. 8. Time course of the steering wheel sensor in the Leon 1

As it can be seen in the diagram above (Fig. 7), the
signal from the engine mount in the Leon 1 has
significantly larger amplitude in compare to the other. The
same can be observed in the Leon 3 (Fig. 9). It can be
understood as the engine is one of the main source of the
vibrations in the car and the another location for the sensor
is damped.

Fig. 5. The stationary signal [24]

Fig. 9. Time course of the two sensors in the Leon 3
Fig.6. The non-stationary signal [24]

3. Results
The vibration signals were registered as plots of a voltage in time domain. The postprocessing based on FFT in
order to obtain spectra in a frequency domain. The waveforms recorded for the 2 seconds were taken for the analysis. The sampling frequency equated 2048 Hz.
Vibration signals were recognized as the stationary type,
which supported the statement, that the engines have stationary characteristics of running. Such sampling frequency
allowed to receive large amount of measurement samples
and it was sufficient to perform the FFT for receiving the
spectra for further analysis [13].
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Fig. 10. Time course of the steering wheel sensor in the Leon 3
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The location on steering wheel is the one of the places,
where the constant contact between the driver and the vehicle is.
The spectra for both cars were compared in order to distinguish the differences between the vehicles and the influence of downsized engine on vibration frequencies.

Fig. 14. Spectrum of the steering wheel sensor in the Leon 3

In the diagrams above (Fig. 11-14) it can be seen the
examples of spectra for engine mount and steering wheel
for both cars. The author focused on comparing only the
dominant harmonics of the original signal. The complete
results for these two locations for every case of the measurements are presented below (Table 6 and 7).
Table 6. Frequencies for the engine mount

Gear
Leon 1 [Hz]
Leon 3 [Hz]

30 km/h
2
3
147
106
137
89

Engine mount
50 km/h
3
4
175
132
148
112

90 km/h
4
5
237 194
202 161

Table 7. Frequencies for the steering wheel

Fig. 11. Spectrum of the engine mount sensor in the Leon 1

Gear
Leon 1 [hz]
Leon 3 [hz]

30 km/h
2
3
53
54
8
8

Steering wheel
50 km/h
3
4
60
60
43
43

90 km/h
4
5
51
54
51
51

4. Conclusions

Fig. 12. Spectrum of the engine mount sensor in the Leon 3

Fig. 13. Spectrum of the steering wheel sensor in the Leon 1
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This introduction study shows, that accelerometry is
a valid methodology for author’s approach on vibrations
measurements in the passenger vehicles.
The measurements of vibrations generated by the engine
display, that waveform signals have stationary characteristic, therefore the Fast Fourier Transform is legitimate method for measurements and provides meaningful results.
The amplitude in time domain of the engine mount signal, as it is the primary source of vibrations for this study, is
much higher than the location on the steering wheel, which
shows the damping effect.
The results for the engine location for both cars show
that the frequencies are higher with the increase of velocity.
The higher gear of each speed decreases the frequency. The
turbocharged engine has lower frequencies than naturally
aspirated one in all cases of velocity and gear combination.
The results for the steering wheel location in the car
with turbocharged engine show, that frequencies for two
velocities are lower than in the another one and for one
velocity are equal. The change of gear in this case does not
have any impact for frequency value.
This study shows that the engine manufactured in the
downsized technology, equipped with turbochargers, can
have more negative or harmful effects on the driver, due to
existence of lower frequencies than the car with naturally
aspirated engine.
Currently available information about vibrations influence on human body show, that lower frequencies are the
most dangerous for people, however the exact limits are not
officially established and can vary depending on each person.
The author would like to continue studies and development of this methodology with higher number of vehicles
and additional measurement locations verifying the observed tendency on the larger research sample.
The author acknowledges the huge necessity for further
studies of possibly harmful effects of low frequencies occurring in the passenger vehicles.
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Nomenclature
TSI
YoM
FFT

Turbo Stratified Injcetion
Year of Manfacture
Fast Fourier Transform

HP

Horse Power

Euro NCAP

European New Car Assessment Programme
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Cold start emissions from a gasoline engine in RDE tests
at different ambient temperatures
The implementation of the 3rd package of the RDE test procedure has extended the test method by considering emissions from a cold
start period into the total exhaust emissions from a vehicle. The article presents the research results of exhaust emissions of a vehicle
equipped with a gasoline engine. The tests were carried out at two different ambient temperatures, in line with the requirements of the
RDE test procedure for passenger cars, meeting the Euro 6d-Temp emissions standard. The obtained results were analyzed, i.e. there
were compared the engine and vehicle operating parameters and the values of road exhaust emissions during the cold start at two
different ambient temperatures. The summary presents the shares of the cold start phase for each exhaust emission compound in the
urban part of the test and the entire RDE test, depending on the ambient temperature (8ºC and 25ºC).
Key words: cold start, RDE test, exhaust emissions, ambient temperature, gasoline engine

1. Introduction

2. RDE test conditions

Road transport is still considered the most important
source of air pollution. Scientific research [16] indicates that
the emission of harmful exhaust compounds has a negative
impact not only on air quality but also on human health. This
phenomenon is particularly visible in urban agglomerations.
One of the European Union’s tasks, set off for the coming
years, is to continue and even intensify work on improving
air quality. The European Commission’s assumption is to
achieve climate neutrality. However, to gain this, the level of
air pollution should first be gradually reduced. To this end,
among other, increasingly restrictive legal acts concerning
vehicle exhaust emissions are introduced [2-6]. Meeting
these requirements is not easy, so it is necessary to use more
and more advanced exhaust after-treatment systems.
In recent years, many research papers on cold start emissions have been published (i.a. [13, 17, 19, 24, 30]). The need
to take into account emissions from the cold start phase has
been noticed not only in Europe but also worldwide. The
authors of the articles [18, 26] pointed out the importance of
the cold start issue as well as the necessity of further improvement of exhaust after-treatment systems. Whereas, the
authors of the publications [8, 10, 11] suggested that NOx
emission should be an issue addressed in subsequent updates
of EU regulations. According to the authors of the publication [8], the NOx emissions from vehicles, equipped with
a gasoline engine, are increasingly higher and consequently,
particularly important in the context of urban air quality. The
authors also pay attention to the value of the ambient temperature at which the RDE test is performed.
The authors of the articles [31, 33] came to the same
conclusions. They determined the impact of different ambient temperatures (–7ºC and 23ºC) on the emission results of
vehicles equipped with compression and spark-ignition
engines. The aim of the test was to verify the results according to Euro 6 emissions standard and check if the exhaust emissions in the WLTC test increase during the cold
season in comparison to higher ambient temperatures [7, 8].
The authors of this article noticed the need to develop
a new and independent procedure allowing verification of
the emissions level at low ambient temperatures.

Although the RDE test is performed under real traffic
conditions, it is highly formalized. The requirements concern not only the vehicle conditioning for the test but also
the provision of research conditions [1, 12, 14, 20-23].
According to [27, 28], this is necessary for the proper performance of the test and further analysis of the results obtained. The main requirements to be met during the test are
shown in Fig. 1. Due to the vehicle speed, the test route is
divided into three parts: urban, rural and motorway conditions. The test drive is carried out continuously, but there
are a few exceptions [9]. The rural drive section can be
interrupted by short periods of urban driving if urban areas
are on the route. Driving on the motorway can interrupt
short driving periods in urban or rural areas. The duration
of the test is within the acceptable range, i.e. between 90
min and 120 min.
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Requirements

Urban

Rural

Motorway

Vehicle speed

0–60 km/h

60–90 km/h

> 90 km/h

Distance share

29–44 %

23–43 %

23–43 %

Min distance

16 km

16 km

16 km

Average speed

15–40 km/h

–

–

Total stop time

6–30%

–

–

Individual stops

≤ 300 s

–

–

V > 100 km/h

–

–

≥ 5 min

V > 145 km/h

–

–

< 3%*

Total test duration: 90–120 min
Start/end test elevation difference: ≤ 100 m
* Max speed of 145 km/h may be exceed by: 15 km/h for < 3% of the motorway time
duration

Fig. 1. The RDE test requirements [25-28]

Package 3 [27] of the RDE test procedure has introduced primarily the inclusion of cold-start period emissions
in the entire RDE test. The definition of cold start is as
follows – the period from the first start of a combustion
engine until the point when the combustion engine has run
cumulative for 5 min. The cold start period ends once the
coolant temperature has reached 70ºC for the first time but
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Coolant temperature ≥ 70 °C,
Engine cumulative running ≤ 5 min
Idling after vehicle conditioning for cold start testing
driven for at least 30 min followed by soak duration in
the range of 6 to 56 hours

Fig. 2. Cold start requirements [32]

The 4th [28] package of the RDE test procedure modified the calculation of total exhaust emissions but also specified the exhaust emissions obtained in the urban part
(compared to total emissions in the test). This article aims
to determine the shares of specific exhaust compounds
during the cold start phase and in the entire test, depending
on the ambient temperature (8ºC and 25ºC).

3. Research methodology
3.1. Research object
One of the popular midsize passenger car class was used
for testing. The vehicle was equipped with a gasoline engine that met the Euro 6d-Temp emissions norm. The exhaust after-treatment system consists of a 3-way catalytic
converter and a particulate filter. Details of the vehicle used
are shown in Table 1.
Table 1. Characteristics of the passenger car used in testing
Curb weight
Engine type
Displacement volume
Maximum power
Emission standards
The after-treatment system

1450 kg
turbocharged gasoline engine
with direct injection
1.6 dm3
130 kW
Euro 6d-Temp
three-way catalytic converter
with a particulate filter

3.2. Test route and exhaust emission measurements
The test route has been designated in accordance with
RDE requirements and divided into 3 sections; urban, rural
and motorway (Fig. 3). The driving distances, shares of the
individual portion of the test have been chosen so that they
meet the requirements described in [26].

4. The analysis of recorded parameters
4.1. Engine operating parameters of the vehicle
The first stage of the analysis was to validate the performance of road tests with the requirements of the RDE
test procedure. All parameters were verified by appropriate
procedures and no deviations from the required values were
found. However, in the case of this article the most important was to check the validity of the cold start emission
parameters and the boundary conditions (these parameters
were discussed in the next point).
Therefore, the analysis of vehicle speed during the cold
start period has been made. It is required to start driving for
a maximum of 15 seconds after starting the engine (Fig. 4).
This condition was met in both cases and at the same time
a similar character of the vehicle speed profiles in the first
300 s of the RDE test is shown. Slightly higher values of
the maximum vehicle speed were recorded for the lower
ambient temperature.
100
50

RDE
Tambient = 8 oC

Total stop time < 90 s
Idling after ignition 15 s

75
25

50
0

RDE
Tambient = 25 oC

Average vehicle speed (including stops): 15–40 km/h

V [km/h]

Cold start conditions
Max vehicle speed ≤ 60 km/h

The authors carried out two test drives on the same research route in the city of Poznan and its surroundings by
the same driver. Measurements were conducted in two
different ambient temperatures (8ºC and 25ºC). For measuring the concentration of exhaust compounds, a PEMS
apparatus was used. Besides, the GPS signal was recorded
at a frequency of 1 Hz during testing. The research
equipment used was compliant with the European Union
requirements concerning the measurement of harmful
exhaust compounds from passenger cars under real driving conditions.

V [km/h]

no later than after 5 min from the initial engine start. The
main requirements for a cold start are listed in Fig. 2.

25

0

0 15

100

t [s]

200

300

Fig. 4. Vehicle speed during the cold start phase at different ambient
temperatures

The comparison of the coolant temperature in both cases
also shown that the requirements of the RDE test procedure
have been met, i.e. it did not exceed the value of 70ºC. For
the cold start at the ambient temperature of 25ºC, 300 s
from the engine start, the coolant temperature achieved
a value of 69ºC. For the ambient temperature of 8ºC, the
coolant temperature was only 57ºC. Firstly, the initial coolant temperature difference of 17ºC but after 300 s (since the
engine was started) it decreased to 12ºC. Therefore, a greater coolant temperature gradient was found for lower ambient temperature (Fig. 5).
Fig. 3. Vehicle speed profiles in both RDE test drives
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Tmax = 57 ͦC

40
30
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coolant temperature Tamb = 8 ͦC
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0

coolant temperature Tamb = 25 ͦC

0
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200

250

300

a)
0.25

t [s]

A similar character of the changes was also observed
during the analysis of exhaust temperature, measured at the
end of the vehicle exhaust system. The difference for the
measurement time (t = 0 s), amounting to about 12°C, is
compensated already after about 100 s, where the exhaust
temperature is around 30°C. The further profile of exhaust
temperature is very similar to each other, and the differences
occurring in the period up to 300 s are very small (Fig. 6).
60

20
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0.10

10

0.05

5

0

0.25

RDE - cold start (T = 8 ºC)

10

0.15

50

100
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250

0

300

t [s]

T = 46 oC

30

20

b)

CO [g/s]

Texh [oC]

40

25

Tamb = 8 oC

V

0.20

0.00

T = 49 oC

50

0

CO [g/s]

Fig. 5. The coolant temperature during the cold start phase at different
ambient temperatures
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0.05
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Tmax = 69 ͦC

60

T [oC]

the higher ambient temperature (25ºC) the main increase of
nitrogen oxides intensity (up to 0.005 g/s) is observed at the
first 50 seconds after the engine started. During the cold
start phase, the mass of this compound is equal to 0.400 g
and the average value of the emission intensity is
0.0293 g/s. In the case of lower ambient temperature (8ºC),
the intensity of nitrogen oxides is about 11% higher than at
25ºC. For the value of 8ºC, the highest values of emission
intensity are reached at the first 100 s and then they are
being reduced (Fig. 9).

RDE - cold start (T = 25 ºC)
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4.2. Ecological parameters
The recorded profile of emission intensity changes in
the cold start period (t = 0–300 s) for two different ambient
temperatures (8ºC and 25ºC) are shown in Figs. 7–10.
The carbon monoxide mass is almost 3 times higher at
the ambient temperature of 8ºC (3.47 g) in comparison to
the value of 25ºC (1.21 g). The average value of the emission intensity is 0.011 g/s (at the ambient temperature of
8ºC) and 0.004 g/s (at 25ºC). For the cold start at the ambient temperature of 25ºC, the highest value of emissions
intensity is 0.09 g/s. While for the temperature of 8ºC this
value is twice higher (Fig. 7).
The analysis of carbon dioxide emission intensity shows
that during the cold start and warming the engine, the mass
of this compound is about 16% higher at the ambient temperature of 8ºC (687 g) than at 25ºC (592 g). The average
value of the emission intensity is 2.19 g/s and 1.89 g/s,
respectively. The fluctuations between the results of test
drives were caused by the changes in the dynamic motion
conditions. However, the average value of this parameter is
not affected by the ambient temperature at which the cold
engine started (Fig. 8).
The analysis of nitrogen oxides emission intensity
shows that for this exhaust compound the relations are
completely different than for the previous compounds. For

Fig. 7. Emission intensity of carbon monoxide and vehicle speed during
cold start at ambient temperature of 8ºC (a) and 25ºC (b)

CO2 [g/s]

Fig. 6. The exhaust temperature during the cold start phase at different
ambient temperatures

0

t [s]
Fig. 8. Emission intensity of carbon monoxide and vehicle speed during
cold start at ambient temperature of 8ºC (a) and 25ºC (b)
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The reduction of the ambient temperature (from 25ºC to
8ºC) during the cold start (in the considered period of
300 s) results in (Fig. 11):
– an increase by 68% of CO road emissions,
– an increase by 15% of CO2 road emissions,
− a decrease by 50% of NOx road emissions,
− an increase by 47% of PN road emissions.
a)
300

CO [mg/km]

Regarding the number of particulates at the ambient
temperature of 25ºC, there is a peak (up to 1.45E+09) in the
first 40 s after the engine started. At the ambient temperature of 8ºC, this peak occurs earlier (t = 30 s) and reaches
1.20E+10 (Fig. 10). The particles number, in the period of
300 s from starting, increased by almost 4 times during the
reduction of temperature value from 25ºC to 8ºC (7.5E+10
and 2.8E+11). The research results of emission intensity
(Fig. 7) were used to determine the road emissions (converting the mass per unit of the road) during the cold start
phase (lasting 300 s).
a)
NOx
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33 %
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100

Cold start

Urban

Cold start
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t = 300 s
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20.5

47 %

15
10.9

10 % 9.22

10.3

10
5
0

Cold start

Urban

Cold start

Urban

t = 300 s

t = 3450 s

t = 300 s

t = 3350 s

T = 25 ℃

2.17E+10

2E+10

58 %
1.48E+10

1.5E+10

t [s]

Fig. 10. Emission intensity of particle numbers and vehicle speed during
cold start at ambient temperature of 8ºC (a) and 25ºC (b)
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V
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a)
PN
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0

Fig. 9. Emission intensity of nitrogen oxides and vehicle speed during cold
start at ambient temperature of 8ºC (a) and 25ºC (b)
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Fig. 11. Road emissions of CO (a), CO2 (b), NOx (c), PN (d) at two different ambient temperatures
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Comparing the cold start phase for different ambient
temperatures in the urban part of the RDE test and in the
entire RDE test are shown in Fig. 12 and 13. For the value
of ambient temperature equal to 8ºC, the results are as follows:
1. The share of CO emissions during the cold start (300 s)
in relation to the urban part of RDE test is 26.0%; and in
the relation to the entire RDE test it increases to 10.8%.
2. The share of CO2 emissions during the cold start (300 s)
in relation to the urban part of the RDE test is 11.6%;
and in the relation to the entire RDE test it decreases to
3.40%.
3. The share of NOx emission during the cold start (300 s)
in relation to the urban part of RDE test is 10.6%; and in
the relation to the entire RDE test it decreases to 2.92%.
4. The share of PN emissions during the cold start (300 s)
in relation to the urban part of RDE test is 22.7%; and in
the relation to the entire RDE test it decreases to 0.05%.
cold start
26.0%

CO

cold start
11.6%

In the case of the ambient temperature equals to 25ºC
the results are as follows (Fig. 14 and 15):
1. The share of CO emissions during the cold start (300 s)
in relation to the urban part of RDE test is 10.7%; and in
the relation to the entire RDE test it decreases to 4.63%.
2. The share of CO2 emissions during the cold start (300 s)
in relation to the urban part of the RDE test is 9.80%;
and in the relation to the entire RDE test it decreases to
3.40%.
3. The share of NOx emission during the cold start (300 s)
in relation to the urban part of RDE test is 12.3%; and in
the relation to the entire RDE test it decreases to 3.42%.
4. The share of PN emissions during the cold start (300 s)
in relation to the urban part of RDE test is 18.4%; and in
the relation to the entire RDE test it decreases to 0.05%.
cold start
10.7%

CO
cold start
9.80%

CO2

urban part
90.2%

urban part
89.3%
urban part
88.4%

urban part
74.0%
cold start
10.6%

NOx

cold start
22.7%

PN

cold start
12.3%

NOx

urban part
77.3%

CO

cold start
3.40%

CO2

cold start
4.63%

CO

RDE test
95.4%
RDE test
89.2%

cold start
2.92%

NOx

cold start
0.05%

PN

RDE test
99.95%

Fig. 13. Share of CO, CO2, NOx and PN road emissions in the entire RDE
test during cold start at 8ºC
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cold start
3.40%

CO2

RDE test
96.6%

RDE test
96.6%
cold start
3.42%

RDE test
96.6%

RDE test
97.1%

PN

Fig. 14. Share of CO, CO2, NOx and PN emissions in urban section during
cold start at 25ºC

Fig. 12. Share of CO, CO2, NOx and PN emissions in urban section during
cold start at 8ºC

cold start
10.8%

cold start
18.4%

urban part
81.6%

urban part
87.7%
urban part
89.4%

CO2

NOx

cold start
0.05%

PN

RDE test
99.95%

Fig. 15. Share of CO, CO2, NOx and PN road emissions in the entire RDE
test during cold start at 25ºC
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5. Summary and conclusions
The RDE test procedure is still being developed and
improved. Package 3 extended this road emission test by
taking into account the emissions from cold start phase to
the total value of exhaust emissions.
The article presents and discuss the research results on
the impact of ambient temperature (8ºC and 25ºC) during
the cold start phase of the gasoline engine in emission road
tests. The measurements were carried out in compliance
with the latest legislative procedures applicable to passenger cars. After the analysis of the engine operating parameters, there were defined its ecological parameters (emission
intensity and road emissions) in the cold start period
(t = 300 s). Finally, there were determined the shares of
CO, CO2, NOx and PN emissions in urban part and in the
entire RDE test; during the cold start at 8ºC and 25ºC (Table 2).
The reduction of the ambient temperature (from 25ºC to
8ºC) during the cold start (in the considered period of

300 s) results in an increase of all exhaust compounds,
except NOx. The share of this compound is greater at the
higher ambient temperature. This trend is caused by the
combustion process in the engine and the formation of
nitrogen oxides. Another reason is warming of exhaust
after-treatment system. It is necessary to modify and improve exhaust after-treatment systems so that they fulfil
their function at a lower operating temperature.
Table 2. Characteristics of the passenger car used in testing
Tamb = 8°C

CO
CO2
NOx
PN

Share in the
urban part
26.0%
11.6%
10.6%
22.7%

Share in the
RDE test
10.8%
3.40%
2.92%
0.05%

Tamb = 25°C
Share in the
urban part
10.7%
9.80%
12.3%
18.4%

Share in the
RDE test
4.63%
3.40%
3.42%
0.05%
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Nomenclature
CO
CO2
GPS
NOx

carbon monoxide
carbon dioxide
Global Positioning Signal
nitrogen oxides

PEMS
PN
RDE
WLTC

Portable Emissions Measurement System
particle number
Real Driving Emissions
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Numerical investigation of lambda-value prechamber ignition in heavy duty
natural gas engine
Turbulent Jet Ignition systems are mainly dedicated to the combustion of lean mixtures of natural gas in heavy duty engines. The use
of such a system in combination with lean mixtures leads to an increase in its overall efficiency. The article presents simulation analyzes
of the impact of the air excess coefficient occurring in prechamber on the combustion process: combustion indicators and emission
indicators. Tests on a single-cylinder engine with a displacement of about 4 dm3 at medium mixture (IMEP = 1.0 MPa) were carried out
using the AVL Fire software. It was found that the incineration of global lean mixtures (λ = 2) is effective when initiating this process (in
the prechamber) with a charge of a stoichiometric composition. A strong relationship was found between the thermodynamic indicators
in both prechamber and main chamber and the air excess coefficient initiating combustion.
Key words: Turbulent Jet Ignition, combustion thermodynamics, combustion process indicators, numerical simulation

1. Introduction
Turbulent Jet Ignition (TJI) systems are mainly used in
engines running on lean mixtures. The solutions of the TJI
system analyzed by Attard [3, 4] obtained an indicated
thermal efficiency of 42% when burning lean mixtures.
They find use mainly in large heavy duty (HD) engines
[15]. Solutions for TJI systems were presented by Alvarez
et al. [1]. He pointed to the possibility of increasing the
range of lean mixtures to λ = 2.5, however, while using
hydrogen as fuel for the prechamber (PC); petrol was fed to
the main chamber (MC).
However, research on their possible applications in engines with small displacement is noted increasingly more
often [4, 12, 17]. Road tests in the Real Driving Emissions
(RDE) test were presented by Roso et al. [18] with the use
of an engine with the PCIS (Pre Chamber Ignition System)
with an air excess coefficient equal to λ = 1.4. Similar scientific papers with the use of internal combustion engines
with the TJI system in hybrid drives and Range Extender
(REX) were also published by Sens et al. [19].
Most TJI solutions use the stoichiometric compound
value in the prechamber [5]. The latest solution is the socalled Dual Mode TJI (DM-TJI) – a system based on controlling the amount of recirculated exhaust gas in the prechamber [2]. The use of an additional valve supplying air to
the prechamber allows for the proportion of recirculated
exhaust gas to be increased to 40%.
In the research conducted by da Costa et al. [9] on the
AVL 5496 engine (0.454 dm3) different values of the air
excess coefficient in the prechamber (λ = 1.0–1.6) were
used, however the same values were used in the main
chamber. The maximum combustion indicator values were
obtained for λ in the range of 1.3–1.4.
Korb et al. used the large global air excess coefficient
[13] in simulations and experimental research. It was found
that turbulence in the prechamber and use of the Miller
cycle during the air intake have great significance in the
combustion process.
TJI systems are made with passive prechambers (without fuel supply). However, the latest research confirms that
depending on their design, it is possible to burn lean mixtures up to the value of λ = 1.6 [16] or λ = 1.8 [6].

A literature review reveals that research on ultra-lean
mixtures is the subject of high research interest, however,
no information can be found on the impact of the air excess
coefficient value in the prechamber on combustion process
indicators.

2. Research aim
The aim of the research was to determine the best values
of the air excess coefficient in the prechamber in the vicinity of λ = 1 leading to favorable thermodynamic and ecological impact for the combustion of ultra-lean mixtures
(λ = 2).
Research was focused on obtaining both one- and twodimensional information on the global and local combustion process indicators.
The article seeks to answer the question of what the value of the air excess ratio during the start of the combustion
process should be, in order to obtain the best thermodynamic indicators of the combustion process.

3. Method
3.1. Research object
The most widespread use of TJI combustion system can
be found in HD engines. For this reason, an object similar
in construction parameters to the supercharged GS6R2PTK [14] engine from Mitsubishi was selected for analysis.
It is an engine for Power Generation and Cogeneration
applications. The maximum power output among the engine family (GS16R2-PTK – 16 cylinder engine) is 1.5
MW at 1500 rpm. The engine is powered with lean natural
gas mixtures and operates in the Miller cycle (Table 1).
Table 1. Characteristics of the GS16R2-PTK engine [14]
Parameter
Type
Aspiration
Number of cylinders
Bore × stroke
Displacement
Combustion system
Fuel
Continuous power rating
output (50 Hz 1500 rpm)

Unit
–
–
–
mm
dm3
–
–

Value
4-cycle, intercooled
turbocharged
6
170 × 180
24.52
prechamber, spark ignited
natural gas

kW
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In accordance with the above parameters, combustion
system consisting of a prechamber with 7 holes (φ = 1.8
mm and l = 3.9 mm) arranged symmetrically connected to
the main chamber and having dimensions as shown in Fig.
1 was adopted for combustion tests. The combustion chamber is an original design modeled in the analyzed natural
gas engine (which is the result of the lack of access to the
original solution).

where ω is the combustion source term and y is the averaged mass fraction of species α.

1.8

Fig. 2. Schematic of the ECFM-3Z model computational cell [7]

Fig. 1. Model of the engine combustion chamber powered by natural gas
used for testing

The volume of one cylinder (Vcyl) was 4.085 dm3. Based
on the adopted dimensions of the combustion chamber its
volume was determined – VCH = 298.08 cm3. The figure
indicates the volume of the preliminary chamber – VPC =
= 11.86 cm3. For these adopted values, the volume of the
prechamber equals 3.98% of the combustion chamber volume. The compression ratio of such a model combustion
system is ε = 14.79.
3.2. Simulation method
The combustion process was based on the ECFM-3Z
(Extended Coherent Flame Model-three Zone) [8]. This
model is used in GDI engines with a large proportion of
recirculated exhaust gas [10], as well as in gas-fueled engines [11].
The ECFM model is derived from the classic combustion model based on CFM flame density (Coherent Flame
Model). The main assumption is that the fresh mixture does
not contain recirculated flue gas. Due to the heterogeneity
of the air-fuel mixture composition in the ECFM model, the
so-called fuel and oxygen traces were introduced for more
accurate local calculations of the intake gas composition.
The gas enthalpy equation was defined in a similar way,
enabling accurate assessment of temperature. As a consequence, it is possible to assess the local laminar flame speed
[10, 11].
According to the division of the ECFM-3Z zone (Fig.
2), each calculation cell is divided into three mixing zones:
mixed fuel zone (letter F), zone containing fuel mixture, air
and EGR (letter M) and unmixed air zone + EGR (letter A).
In the ECFM model, we solve a transport equation for
the average quantities of chemical species of O2, N2, CO2,
CO, H2, H2O, O, H, N, and OH. This equation is classically
denoted as:
ω
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The fuel is divided in two parts: the fuel present in the
fresh gases y , and the fuel present in the burnt gases y :
y
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y
y is the mean fuel mass fraction in
the computational cell. m (or m ) is the mass of the fuel
contained in the fresh gases (resp. burnt gases). A transport
equation is used to compute y :
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!
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!

!
!

ρS)
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where S) is the source term quantifying the fuel evaporation in fresh gases. ω is a source term taking autoignition, premixed flame and mixing between mixed unburned and mixed burnt areas into account.
3.3. Simulation conditions
The analysis of the air excess ratio impact in the prechamber on the combustion process was carried out at engine speed of n = 1500 rpm at an average load (IMEP =
= 1.08 MPa).
The fuel dose fed into the cylinder is divided in such
a way that a lean homogeneous mixture with λ value close
to 2 is supplied to the main chamber. A different dose of
fuel qo_PC is supplied to the prechamber in such a way that
the sum of both fuel doses is constant (λALL = const):
λ.//

01

234_67 834_97 :∙<=.?

(5)

The test conditions were set in such a way that the total
fuel dose generated an air excess coefficient value of 2.
This means that increasing the prechamber dose should lead
to an increase the air excess ratio in the MC. Table 2 summarizes the initial simulation values.

(1)
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Table 2. Simulation test conditions (initial condition)
ParaUnit
meter
–
λALL
Pair
MPa
qo_MC
mg
–
λMC
qo_PC
mg
–
λign_PC
IVC
deg
Temperature
TKE
Turb. length scale
Turb. diss. rate
Combustion
model
Emission model

Value
2
0.2
222.0
2.023
1.3
1.102

221.8 221.6 221.3 221.1
2.027 2.030 2.036 2.039
1.5
1.7
2.0
2.2
1.038 0.984 0.919 0.882
500 deg (Miller cycle)
350 K
20 m2/s2
0.003 m
4899 m2/s3

220.8
2.045
2.5
0.835

chamber – qo_PC. The values of λPC_ign were determined on
this basis in accordance with Fig. 4.
In this research, AVL FIRE was used to adopt a methodology in which engine TDC during combustion is
reached at 720 deg on the crankshaft. Although it is a 360
deg shift, it does not change the engine operating conditions.
Prechamber gas injection was performed (αinj_PC = 510–
540 CA) in the early phase after closing the intake valve
(IVC = 500 deg). The ignition of the mixture in the prechamber was set at 695 deg CA.

Coherent Flame Model; ECFM-3Z
Extended Zeldovicz (NO), kinetic model (Soot)

Ignition
Injection to PC

In the conducted research, the most interesting aspect
were the conditions present in the pre-chamber. The compression stroke (early closing of the intake valve) and the
combustion stroke were modeled. For this reason, modeling
of valve movement as well as inlet and outlet channels was
not performed.
Due to the above, the boundary conditions are limited
only to the main combustion chamber and the prechamber
(Table 3).
Table 3. Boundary conditions
Parameter
Head
Liner
Piston
Prechamber

Unit
T [K]
T [K]
T [K]
T [K]

Value
550
475
525
575

3.4. Method
Research on thermodynamic processes was carried out
using the AVL FIRE 2019 R2 software. The combustion
chamber model was made as a polymesh mesh with a variable number of cells (min: 32805; max: 80057). The computational grid was compacted around the prechamber,
assuming a minimum cell length of 0.5 mm (Fig. 3a). The
optimization of the computational domain was not carried
out, however, it was compacted for the prechamber. The
mesh was generated using the Fame Engine Plus module of
the AVL FIRE program. A visualization of the combustion
chamber used for the analysis is shown in Fig. 3b.
a)

Fig. 4. Prechamber fuel dose values and the determined λ values during
ignition in the prechamber

The mean value of the air excess coefficient in the combustion chamber is reduced proportionally to the increasing
fuel dose value qo_PC. When the combustion process begins
the λ value is not constant – it increases as a result of mass
flow from the main chamber to the prechamber. The changes in λPC_ign were determined based on the selection of the
qo_PC value. These trends are shown in Fig. 5. It can be seen
that the adopted strategies for changing the air excess coefficient for (global) combustion of lean mixtures maintained
it around λ = 1.

b)

Fig. 3. Combustion chamber: a) mesh with compaction of the prechamber,
b) shape of the combustion chamber

4. Analysis of thermodynamic quantities of the
combustion process
4.1. Ignition conditions in the PC
The analysis of ignition conditions in the prechamber
begun by determining the value of λPC_ign after assuming
a few determined values of the fuel dose fed to the pre-
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Fig. 5. The adopted initial dose values for prechamber and the corresponding values of the air excess coefficient during ignition

Gas injection at high doses in the early phase of the piston movement was found to cause the flow of this mixture to
the main chamber (Fig. 6 – 2.5 mg). During the compression
stroke, this tendency is not observed only at the smallest
values of the dose fed into the cylinder. In the vicinity of the
ignition angle in prechamber there is still no homogeneous
combustible mixture. However, with qo values in the range of
33
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1.3 to 1.7, the quality of the mixture most closely resembles
homogeneous. The symmetry of the openings connecting the
PC and MC causes the charge from the main chamber to
reach the center of the prechamber. The use of the k-zeta-f
model results in a rich mixture being formed in the vicinity
of the prechamber walls.

was burned at the value of λPC = 0.88–0.92. This means that
a mixture that is richer than stoichiometric was more favorable here, which was manifested in the rapid build-up of pressure in the prechamber, but also its rapid termination.
4.2. Inter-chamber flows
Confirmation of the limited combustion process at λPC =
= 1.102 (qo_PC = 1.3 mg) is the analysis of inter-chamber
flows. At this air excess coefficient value, the flow to the
MC is also the smallest (Fig. 8 – PC_1_3_mg). At an angle
of 725 and beyond, the flows were the same.

Fig. 8. Inter-chamber flows

The pressure changes in the prechamber during the start
of the combustion process were reflected in the obtained
maximum pressure values in the PC (around 730 CA).
Combustion at λ = 1.102 (qo_PC = 1.3 mg) also resulted in
the lowest maximum pressure in the prechamber. Small
doses of fuel fed to the prechamber burn with the smallest
maximum values occurring in the prechamber.

λ [-]
Fig. 6. Air excess ratio in prechamber for different fuel dose values qo_PC

Different values of λPC resulted in a different combustion process in the prechamber. Mean λ values close to the
value of 1 mean that the maximum value of the combustion
pressure in the prechamber is the lowest (Fig. 7). The highest values of combustion pressure occurred when the fuel

v [m/s]
Fig. 7. Combustion pressure characteristic in the prechamber
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Fig. 9. Impact of the fuel dose fed to the prechamber on the fuel flow rate
value between the prechamber and the main chamber
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Spatial analysis of inter-chamber flows (Fig. 9) indicates the existence of the highest flow speeds at λ = 0.919
and at an angle of 702 deg. A comparison with Fig. 8 indicates the point of maximum flow. The flow velocity at this
angle was about 600 m/s, however only in the middle of the
flow channel. At lower flow rates, the speed is lower,
around 150–200 m/s.
The conditions of inter-chamber flows indicate the existence of an air excess coefficient with a value slightly less
than stoichiometric (by about 10%), which resulted in the
combustion process being qualitatively best.
4.3. Flame development and temperature changes in the
prechamber
The analysis of further combustion process indicators
concerns flame development and the related temperature
changes. Despite the different combustion process conditions (resulting from different lambda values in the PC), the
flame front changes were quite similar (Fig. 10). This
means that changes in the λPC value by about 10–15% from
the stoichiometric value did not significantly affect the
changes in the flame front.

Fig. 11. Combustion temperature changes in the prechamber and in the
main chamber

Division of the computational grid into selections allowed an independent determination of the average temperature values in the main chamber. The temperature changes
in this part of the cylinder were practically the same
(changes in Tmx were about 0.1%). Maximum values observed in the main chamber were about 350–400 K smaller
than in the prechamber. Temperature increase in the main
chamber was shifted by about 20 deg CA in relation to the
temperature increase in the prechamber.
Analysis of the temperature distribution in the prechamber indicates that the largest temperature values occur
around the cylinder walls (Fig. 12). This mirrors the deve-

α [deg]
Fig. 10. Flame development (blue area) in the prechamber at different fuel
dose values qo_PC

Although the flame development in the prechamber had
a similar character for all test cases, the temperature changes were significant (Fig. 11). Similar ignition delay values
resulted from the temperature changes. Rapid temperature
rise in the prechamber (at 698 deg. CA) had the same character, but the following aspects of the process were different. Small doses administered to the prechamber (λ close to
1) resulted in the lowest temperature values being observed.
For the adopted qo_PC values, the temperature changes were
about 5%. The temperature characteristic in the prechamber
caused the occurrence of a second maximum in the vicinity
of the TDC. Here the differences were clearer and amounted to about 7% – but the nature of the changes was still the
same as before. Large qo_PC fuel doses resulted in the formation of the highest temperature values in the prechamber.

COMBUSTION ENGINES, 2020, 181(2)

T [K]
Fig. 12. Temperature changes in the prechamber at different fuel dose
values qo_PC
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lopment of the flame front (Fig. 10). Figure 12 shows that
only in a small angular range (about 704 CA) a burning
mixture with the largest temperature range (up to 2500 K)
flows through the cross sections connecting the two chambers.
4.4. Heat release in combustion chambers
The heat release rate is determined by the speed of burning the fuel dose mainly in the prechamber. The maximum
release rate values increase with the increasing prechamber
fuel dose values (Fig. 13). This maximum was reached at
qo_PC = 2.2 mg. This means that the maximum increase in
qo_PC dose did not lead to an increase in the rate of heat
release. Differences between extreme qo_PC values lead to
18% HRR changes. Maximum HR changes were smaller
but also significant. They amounted to 9% (the lowest at
low doses of qo_PC).

Using the data in Table 2, the above combustion efficiency was determined for the sum of the fuel doses fed to
the prechamber and to the main chamber. At the smallest
doses of qo_PC the combustion efficiency was 93.63%, at the
highest doses – 92.88%. This means that as the air excess
coefficient in the prechamber increases, the combustion
efficiency increases as well (but less significantly).
4.5. Combustion process emission values
The exhaust emissions evaluation was limited to nitrogen oxides and soot. Both of these values were presented in
relation to their mass fraction. The mass fraction of NO in
the prechamber at the start of combustion was the highest
for a dose close to stoichiometric (Fig. 15). This tendency
changes in the following combustion period. A large initial
dose produced large amounts of NO, which tended to decrease as qo_PC decreased. The obtained different final NO
concentrations reach over 50%.
Soot production behaved differently. With increasing
qo_PC its quantity increased – it reached its maximum at
qo_PC = 2.5 mg. The soot amount is then 50% greater than
for the minimum dose of qo_PC. The advantage of such
a combustion system is that the soot concentration, although it appears early in the combustion process, also
drops sharply (it burns off) – after TDC its value is only
below 5% of the maximum value (Fig. 15).

Fig. 13. Changes in HRR and HR in prechamber at different fuel dose
values qo_PC

The analysis of HRR and HR in the main chamber indicated no significant differences in the character of changes
in these quantities (Fig. 14). The maximum combustion rate
values differed by 0.6%, while the maximum values of heat
released by only 1%. Combustion efficiency was defined
as:
η

ABC

(34_97 834_67 )∙/A#

(6)

where HRmx is the maximum of heat release and LHV is the
Lower Heating Value of fuel (50 MJ/kg).

Fig. 14. HRR and HR changes in the main chamber at different fuel dose
values qo_PC
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Fig. 15. Changes in NO and soot mass fractions in the prechamber at
different fuel dose values qo_PC

The confirmation of the above trends is the spatial analysis of the nitrogen oxides distribution in the prechamber.
The highest NO concentration occurred at λ close to 1 (Fig.
16) in the initial period of the combustion process. At angles after TDC, the NO concentration was significant when
burning large fuel doses in the PC. This indicates a long
burning period and persistence of large temperature values
in this volume. Maximum NO values occurred locally at
large qo_PC fuel doses around TDC.
The emissions analysis in the main chamber indicated
its similarities regardless of the amount of fuel in the prechamber. This situation applies primarily to soot (change in
the maximum value to 4%) – Fig. 17. With respect to NO,
the changes mainly concern the final part of the process (at
an angle above 730 CA).
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When analyzing the formation of NO and soot, it should be
stated that soot is formed earlier (insufficient oxidation) in
the combustion process than NO. Soot particles appear
already at 710 CA, while NO – only at 705 CA (for large
fuel doses qo_PC). Similar to the mean values (Fig. 15),
spatial analysis indicates the dissipation of soot concentration around 705–709 CA. The differences in NO concentration in the prechamber (Fig. 15) and the main chamber (Fig.
17) were mainly due to the air excess ratio. In the prechamber this value is close to one, while in the main chamber –
the mixture is much leaner. Lower combustion temperature
in the initial phase of the process in the main chamber (Fig.
11) also results in lower values of NO formed in this chamber.

NO [-]
Fig. 16. Impact of the fuel dose fed to the prechamber on the resulting NO
mass fraction

soot [-]
Fig. 18. Influence of the fuel dose fed to the prechamber on the resulting
soot mass fraction

5. Conclusions

Fig. 17. Changes in NO and soot mass fraction in the main chamber at
different fuel dose values qo_PC

The soot concentration is proportional to the fuel dose
qo_PC. Soot is formed mainly at the walls of the combustion
chamber (even though the fuel is natural gas) – Fig. 18.
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Analysis of thermodynamic processes, in relation to
changes in the air excess coefficient value in the prechamber, during the combustion of lean mixtures in HD engines
resulted in the following conclusions:
– in relations to combustion process indicators (Fig. 19):
• maximum value of combustion pressure in prechamber during ignition occurs for rich mixtures
(λ ≈ 0.9);
37
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• the Pmx pressure in the main chamber increases
with the decreasing lambda in prechamber (increasing qo_PC); the combustion pressure values in both
chambers were similar;
• the heat release rate in the prechamber reached its
maximum during combustion of stoichiometric mixtures in PC; HRmx is highest at small λPC (large fuel
doses qo_PC);
• slight changes, however, were noted in the main
chamber: with increasing λPC the HRmx also increases;
• the maximum combustion temperature in the PC occurred while burning rich mixtures in it; maximum
air excess coefficient values in the MC were around
λ = 1;

– in relations to exhaust emission indicators (Fig. 20):
• maximum mass fraction values in the prechamber
occurred when burning rich mixtures; this parameter
has a similar characteristic the main chamber; the
level of exhaust emissions in the PC is 2 orders
higher than in the MC;
• maximum soot values also occurred when burning
rich mixtures in both PC and MC; the soot level in
the PC was an order of magnitude higher than in the
MC.

Fig. 19. Changes in NO and soot mass fractions at different air excess ratio
at PC_ign

Analysis of the thermodynamic and emission indicators
in the tests carried out while feeding the gas engine with
a lean mixture at λ = 2 indicates that the most advantageous
solution is to use the air excess coefficient value λ = 0.9–
–1.0 in the prechamber. For such a solution, the highest
thermodynamic indicators of the combustion process were
obtained (even though the minimum exhaust emission values were obtained at λ ~ 1.1).
Acknowledgements
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Fig. 19. Changes in combustion process indicators at different air excess
ratio at PC_ign
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Evaluation of adequacy of a model of a marine diesel engine based upon empirical
research
The article presents a mathematical model of a marine diesel engine developed for the needs of the research on the innovative
method of evaluating technical condition of a marine engine. Basic assumptions of the method under development have also been
included. The main focus has been directed on the evaluation of adequacy of a mathematical model of a marine diesel engine proposed
in this article. In addition, measures of adequacy for the needs of the conducted research have also been presented. Finally, the article
shows results from the conducted research followed by conclusions.
Key words: marine diesel engine, diagnostics, modelling

1. Introduction
Evaluation of technical condition of marine diesel engines driving electric power generators constitutes a vital
issue in their operation. Certain number of marine diesel
engines is operated following their technical condition
strategy. These are mostly the engines of a high diagnostic
susceptibility (provided by their manufacturers with indicator valves) [9] intended for the ships’ propulsion. A separate group of these engines are used as auxiliary engines
intended for driving synchronous electric power generators.
These engines usually represent a low diagnostic susceptibility (they are not equipped with indicator valves). Such
engines are operated following the strategy of the so-called
hourly resources (a definite amount of time of reliable operation). The strategy provides periodical replacement of
the engine component parts regardless of their actual technical condition. This implies necessity to put the engine out
of service and often to replace elements still fit for use.
High cost of maintenance to be performed and considerable
amounts of labour raise necessity to seek non-invasive,
parametric evaluation methods of technical condition of the
said engines. One of the most popular methods is assessing
the technical condition of engines is their indication [10, 11,
14]. Another popular methods is assessment of the technical
condition of engines based on acceleration measurements
are particularly popular [2, 3, 6, 20]. Optical studies using
endoscopes to assess the surface condition of engine working spaces are also popular. Another method is the evaluation of technical condition of a marine diesel engine based
on measurements of pressure in the exhaust outlet ducts [5,
8, 15].One of them is a method developed for evaluation of
technical condition of an engine used for driving synchronous electric power generators based on measurements of
its phase-to-phase voltage.
The article presents a part of conducted research included an assessment of the adequacy of the developed mathematical model. The tests were conducted on an engine with
high diagnostic susceptibility (SULZER type 6AL20/24
laboratory engine). They included an active experiment for
the engine and model both. The tests were carried out for
full range of rotational speeds of the engine crankshaft and
torque load. In addition, tests were carried out for the full
and partial condition of the engine (one of the engine cylin-
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ders was shut down). The research included measures of
adequacy parameters measurable on a real object as well as
those obtainable as a result of solving model equations.
Additionally, a measure of adequacy was proposed taking
into account the similarity of the indicator charts.

2. Assumptions regarding the developed method
This method is based upon the assumption that technical
condition of a marine diesel engine driving a synchronous
electric power generator produce direct impact on the shape
of waveforms of the phase-to-phase voltage of the generator. During the tests it was observed that technical condition
of an engine and its load with a torque (the course of the
working process inside the cylinders) have a direct impact
on fluctuations of the rotational speed of its crankshaft
during its working process [1, 16]. The fluctuations of the
rotational speed of the engine crankshaft and those of the
generator impeller (in case of a generating set driven by an
diesel engine) are practically of the same nature. They modify the shapes of the waveform of the phase-to-phase voltage of the generator.
The course of the working process of an engine depends
mainly on its technical condition and on its loading with
a torque. This translates into the indicated pressure (Fig. 1)
and by the same into the torque generated by the engine
(Fig. 2). The shape of the waveform of the rotational speed
of the engine crankshaft as a function of time depends on
the torque and on the moments of inertia of the components
of the engine performing reciprocating motion, rotating
motion and a complex (both reciprocating and rotating)
motion. As the inertia moments of the engine components
are constant, the course of the angular velocity depends on
the torque of the crankshaft (indicated pressure) (Fig. 3).
The forces generating the load of the engine with
a torque cause the occurrence of pseudo-periodical deformations [4] of the shape of the torque waveform and variations of the rotational speed of the crankshaft as a function
of the duration time equal to the multiplicity of the basic
harmonic wave (resulting from the rotational motion of the
crankshaft) and of the half-number of the engine cylinders
(in case of a four-stroke engine). On the other hand, the
forces generated by the disturbances of the waveform of the
working process in one of the engine cylinders have a peri-
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od equal to a half of the basic harmonic wave resulting
from the rotational motion of the engine crankshaft (in case
of a four-stroke engine).

Fig. 1. The waveform of the indicated pressure in the engine cylinders as
the function of the rotation angle of the crankshaft (cylinder no. 1 is supplied with an amount of fuel reduced by 80%)

ducing the research in case of auxiliary engines (representing restricted diagnostic susceptibility). Evaluation of adequacy of a model based upon the empirical tests would be
extremely complex, if impossible at all. Therefore decision
has been made to evaluate adequacy of the engine model
(first stage) by applying empirical research to be conducted
on an engine of a high diagnostic susceptibility (a laboratory test engine SULZER, type 6AL20/24). At the second
stage it has been decided that a comparative analysis of
measures describing the waveforms of the phase-to-phase
voltages of the generator will be sufficient for the evaluation of adequacy of a model of the diesel-electric generator
set (both for model and empirical examinations) [16].
Diesel
generator
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Modification of
engines state

Modification of
engines state

STAGE 1

Physical model of diesel
engine

Mathematical model of
diesel engine

Identification
of technical
state

Computer
program
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Fig. 2. The waveform of the torque of the engine crankshaft as a function
of the rotation angle of the crankshaft (cylinder no. 1 is supplied with an
amount of fuel reduced by 80%)
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research
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Fig. 3. The waveform of the rotational speed of the engine crankshaft as
a function of the rotation angle of the crankshaft (cylinder no. 1 is supplied
with an amount of fuel reduced by 80%)

3. Program of the conduct of the research
Work on the development of a new method of technical
condition evaluation of a marine auxiliary diesel engine
were preceded by the development of a research program
[5, 7, 16, 19]. Usually such programs are presented in
a form of an algorithm (Fig. 4). It includes all main stages
of the conducted research. It has been decided that the research problem presented in this article will be solved [16]
in two basic stages. The first stage covers the development
of models of a diesel engine, i.e. physical and mathematical
models accompanied by a computer program (to solve
equations of the mathematical model). This stage ends with
an evaluation of the adequacy of the mathematical model,
carried out on the basis of the model and empirical tests.
The second stage begins once the mathematical model of
the engine has been found adequate. This stage includes
extension of the developed model of the engine with
a model of a synchronous type generator. This stage ends
with the evaluation of adequacy of the mathematical model
of an diesel-electric generator set based both upon the model and empirical examinations.
Division into two stages applied in our research is
a result of the restricted possibilities we have had in conCOMBUSTION ENGINES, 2020, 181(2)

Comparative
analysis in the field
of time

Assessment of
moodeliness

Fig. 4. Program of the research

4. Mathematical model
Following the program of the research presented in Fig.
4 (stage one) both physical model [17], and mathematical
model [18] accompanied by a computer program have been
developed. The physical and mathematical models allowed
to conduct model tests for practically any of the four-stroke
marine diesel engine. Such model allows to conduct the
research on an engine representing both full and partial
technical operational fitness. Solution of the equations of
the mathematical model results in getting the waveforms of
the following parameters (as the function of time or rotation
angle of the crankshaft):
 stroke path, velocity and acceleration of a piston,
 volume of the combustion chamber,
 pitch of the inlet and outlet valves,
 cross-section areas of the inlet and outlet valves,
 velocity of the flow of the medium through the inlet
and outlet valves,
 flow rate of the medium mass into and out of the engine cylinders,
 pressure, temperature, and medium mass inside the
cylinders,
41
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− gas induced force moment,
− crankshaft revolution speed.
In addition, the following operational parameters of the
engine are calculated:
− air excess factor,
− power indicated for any particular cylinder of the
engine,
− fuel mass flow,
− heat flow stream carried off outside (together with
exhaust gas) and to the cooling water.
The mathematical model provides possibility to conduct
research on the following conditions of partial technical
fitness for use:
− change in the fuel rate supplied to each one cylinder
of the engine,
− change in the cross-section for any inlet and outlet
valves,
− change in the fuel injection advance angle for any
cylinder,
− leakage in the piston-piston rings-cylinder system
for any piston,
− change in the cross-section area of the openings in
the discharge jet of any injector,
− change in supercharging pressure,
− change in the resistance of the exhaust outlet duct.
When modelling the defects of the engine, consideration
was directed to the impact of the speed governor operation
that modifies fuel rates supplied to any of the cylinders of
the engine in order to maintain the revolution rate of the
crankshaft constant (i.e. constant power indicated of the
engine).

5. The plan of the experiment
According to the adopted research methodology, the experiment was conducted following three main stages: the
planning of the experiment, its performance followed by
evaluation of the obtained results [13]. In case of evaluating
of adequacy of the mathematical model it was decided to
conduct both empirical and model research according to the
same plan. According to the research realization program
(Fig. 4) the analysis of the results allows to conclude
whether the proposed model is adequate to the degree assumed by the researcher. In case of an insufficient adequacy of the model in relation to the adopted research program
decision is made to return to the modelling stage by changing the level of the applied simplifications. The plan of the
experiment was developed for an engine operated in a static
condition (a static plan was adopted) [13]. It was decided to
adopt a determined plan (the values of the input parameters
were selected at the very early stage of the plan development on the basis of a logical analysis of the structure and
operational conditions of the object of the research. In our
research it was assumed that the input parameters were the
crankshaft revolution speed and torque. These parameters
were converted into the indicated engine power. The tests
were conducted following a selective plan (limited number
of input parameters that allow possibility to determine the
functions of the object under the test).
Empirical tests were carried out on the SULZER engine
type 6AL20/24, installed on a laboratory work-stand at the
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Polish Naval Academy. It is a four-stroke Diesel engine,
six-cylinder, in line type, supercharged by means of a turbocharger. The reason for such selection was its high diagnostic susceptibility (engine provided with indicator valves)
and a unique system for measuring and recording its power
parameters (the latter developed at the Polish Naval Academy). The applied measuring system allows measurement
and registration of a number of engine operating parameters. The following were used in the research:
− Indicated pressure measured with the MA 2005 instrument (KISTLER 7613B transmitter) with a measuring range from 0 to 25 MPa and a resolution of
12 bit. The measurement error did not exceed 0.5%.
− Hourly fuel consumption measured by a weighing
system, the measurement error did not exceed 1%.
− Excess air ratio meeting the requirements of MARPOL Annex VI convention.
− Indicated power was calculated on indicated pressure.
It was decided that the tests would be carried out for the
following engine crankshaft rotational speeds: 400, 500,
600, 700 and 750 rpm. However, the engine's torque load
will be as follows: idle, 2.2, 2.96, 3.7, 4.2 and 5.12 kNm.
The scope of measurements was limited by characteristics
of marine diesel engine cooperated with fixed propeller.
In case of tests conducted on a defective engine (one
cylinder out of service) it was decided to restrict the number of measuring points (in relation to the fully fit engine).
This results from the fact that in case of the defective engine it was impossible to apply the load torque within the
entire range of its propeller propulsion characteristics. Such
a conclusion results from the initial empirical tests and tests
carried on the model.

6. Measures of adequacy of the mathematical
model
Based upon an analysis of the parameters resulting from
the solution of equations of the mathematical model and
from empirical tests (initial tests) it was decided that the
measures of adequacy will be the following engine operational parameters:
− air excess factor (it was assumed that its relative
value should not differ by more than by 20%),
− fuel mass stream (relative difference should not exceed 10%),
− maximum rate of the indicated pressure (not more
than by 5%).
In addition, measure "K" was developed for the needs of
evaluating adequacy of the model that characterizes, in an
objective manner, differences between the indicated pressure curves being a function of the rotation angle of the
crankshaft.
The value ranges of adequacy measures were selected
on the basis of preliminary studies (model and empirical).
These studies concerned the assessment of the impact of
modeled engine damage on the shape of the crankshaft
angular velocity as a function of the crankshaft angle [16].
It has been observed that the introduced damages (concerning all engine cylinders) acceptable for the researcher (allowing for unambiguous identification of damages based on
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the developed method) cause changes in the adequacy of
examined measures in the range.
In case of empirical tests it was observed that the indicated pressure curves as a function of the rotation angle of
the crankshaft fundamentally differ from any particular
cylinder of one engine (difference between the maximum
rates of the indicated pressure for a particular cylinder of
the engine differ from one another even by 10%). Therefore
for the needs of developing measure "K" it was decided to
establish an averaged curve of the indicated pressure (as the
function of revolution angle of the crankshaft) for all cylinders of the said engine (this was found to be representative
for the engine). The curves of the indicated pressure as the
function of the revolution angle of the engine crankshaft (an
averaged curve) and the curve obtained as a result of solving the equations of the mathematical model are shown in
the Graph 5. Then, the curve of the surface area under the
curves of the indicated pressure was determined as the
functions of the crankshaft revolution angle based upon the
equation (1), what is shown in Fig. 6:
S α
and

p

S α

Fig. 5. Curves of the medium pressure: 1 – obtained from the model,
2 – measured as the function of the crankshaft revolution angle

α dα
p

α dα

(1)

where: S α – Surface area grow under the averaged curve
of the indicated pressure as the function of crankshaft revolution angle for the real object, S α – Surface area under
the curve of the indicated pressure as the function of the
crankshaft revolution angle for the model.
The value of the "S" parameter is an increment as a
function of the crankshaft rotation angle (in Fig. 5). This
approach specify its value for each crankshaft’s angle of
rotation (it is the so-called integral course).The value of the
adequacy measure “K” was calculated using the following
formula:
K α

1

!

Fig. 6. Integral curves of the medium pressure: 1 – obtained from the
model, 2 – measured as the function of the crankshaft revolution angle

(2)

The "K" parameter calculated on the basis of the "S1"
and "S2" integral waveforms also it is a function of the
engine crankshaft rotation. Therefore, its value changes
during the engine's operating cycle. Presenting this parameter as a function of the angle of rotation allows for comparison of the shape of the indicated pressure waveforms obtained as a result of model and empirical tests for each
angle of rotation of the crankshaft. The curve for parameter
"K" is shown in the Fig. 7.
It was found that high values of the "K" measure in the
range from 0o CA up to the angle of the injector opening
are not significant from the point of view of the research.
This is due to the fact that in this range the value of the
indicated pressure is low, due to which its impact on the
torque values (angular velocity fluctuations) is small. The
high values of the "K" measure in this respect are a consequence of the method used to calculate the "K" parameter
as the relative value of the difference between "S1" and
"S2". For low values of indicated pressure, even a small
discrepancy (quantity) causes significant values of the "K"
parameter. From the point of view of the conducted re-
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search, it is important to "similarity" waveforms in terms of
the crankshaft rotation angle corresponding to the highest
value of indicated pressure. The range from the injector
opening angle to the outlet valve opening angle was considered to be the most important. The values of the injected
pressure are then the largest and therefore have the greatest
impact on the torque values.
It was assumed that the reference level will be the rate
of the "K" index calculated for the angle of the injection
starting point. The deviations from such rate by more than
10 prove an insufficient adequacy of the model.

Fig. 7. The curve of the "K" parameter as the function of the crankshaft
revolution angle

7. Analysis of the test results
Following the presented research plan for the engine fit
for use empirical and model tests were carried out. Their
results were presented in publications of the authors [7, 16,
17]. The adequacy measure values calculated for both the
fit for use and defective engine are shown in Tables 1 and
2. The yellow colour indicates measures exceeding the
assumed values.
In the case of tests conducted for engines in a state of
partial technical fitness, the use of the "K" adequacy measure was resigned. This is due to the method used to determine the indicated pressure course for the real engine. It
was assumed in the research that the indicated pressure
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course used to calculate the "S" parameter is averaged for
all engine cylinders (synchronous averaging). This approach was specified by the fact that there were significant
discrepancies in the indicated pressure course for individual
engine cylinders (the combustion pressure difference between engine cylinders sometimes reaches up to 10%).
These discrepancies result from:
− the adjustment of the engine pump for its nominal
operating conditions,
− simultaneous measurement of the indicated pressure
on all engine cylinders,
− wave phenomena occurring in the indicator valve
channels.
In the case of a damaged engine (cylinder out of operation), calculating the average indicated pressure course
would lead to significant errors.
In case of tests carried out on the damaged engine the
number of adequacy measures has been reduced by measure "K". This results from the fact that when developing
the probability measure for the indicated pressure waveform an averaged rate of indicated pressure has been applied and that has been obtained from all cylinders of the
marine engine. In case of the damaged engine application
of such measure is not justified [16].
Table 1. The adequacy measure rates adopted for the engine of full technical state

Table 2. The adequacy measure rates adopted for the engine of partial
technical fitness for use

Part of the measure values in case of both the entirely fit
for use engine and defective engine exceeds the assumed
values (measures marked in yellow in Tables 1 and 2). This
proves the inadequacy of the model within the range of
operation of the engine without the torque load. Despite the
fact that the values of adequacy measures were exceeded it
has been found that the developed model is adequate both
in quantitative and qualitative terms within the limited
range of loads. Decision was made that in case of the research described in this article the adequacy of the mathematical model of the engine is sufficient to pass on to the
subsequent stage of the research program, i.e. to the modelling of a Diesel generator unit.
Operation of the engine without load, in case of Diesel
generator units may only and exclusively take place at its
starting up moment and continues until the operational
parameters are reached that makes it possible to load the
generator with the receivers. Moreover, the fact is to be
taken into consideration that the average crankshaft revolutions of the engine driving the generator change within
a very much narrow range (because of the necessity to
generate electrical power of an assumed frequency of either
50 Hz or 60 Hz). Also during the engine operation without
the torque load numerous factors occur influencing the
accuracy of measurements taken on the real object. The
most essential include:
− lack of repeatability of the working cycle, particularly in case of low rates of the torque load,
− disturbances caused by the flow ducts of the indicator valves (occurrence of waving) [16]. These ducts
are selected in such a manner to ensure the credible
measurements of the indicated pressure for an engine operated at nominal revolutions with the nominal torque load,
− large length of the exhaust gas ducts causing the delays in recording the air excess factor,
− low accuracy of the measuring instrument used for
measuring the fuel consumption rate (within the noload operation range of the engine). This instrument
was selected in such a manner, to ensure the performance of measurements for the whole range of admissible engine crankshaft revolutions and for the
torque loads,
− the marine piston type internal combustion engines
represent a high unrepeatability of operational parameters of individual cylinders. This is caused by
differences in the manufacturing of the fuel injection apparatus components (the fuel rate is selected
for the nominal operating conditions of the engine),
cylinder head liners and a number of other components [12].

8. Conclusion
Both the research on models and the empirical tests carried out have proven the fact that the developed mathematical model is adequate within a wide range of crankshaft
revolutions and engine indicated power. Excess of the
adopted adequacy measures occurs only and exclusively in
case when the engine operates with no load. The high adequacy of the model has allowed to commence the second

44

COMBUSTION ENGINES, 2020, 181(2)

Evaluation of adequacy of a model of a marine diesel engine based upon empirical research

stage of the research program (Fig. 4). Moreover, based
upon the analysis of the pressure curves shown in Fig. 5
(the model research and results obtained from the empirical
tests) a conclusion may be drawn up that the application of
the developed model may be decidedly wider than that used
in our research. The high level of adequacy and versatility

of the said model (possibility to model practically any fourstroke type Diesel engine) and also possibility to simulate
selected conditions of a partial technical fitness for use
make this model a useful tool for the development of other
parametric methods for evaluation of technical fitness of
the marine engines.

Bibliography
[1]

BOGDANOWICZ, A., KNIAZIEWICZ, T., ZACHAREWICZ, M. The use of a mathematical model of marine
diesel engine in a computer program. New Trends in Production Engineering. 2018, 1(1), 453-460.
https://doi.org/10.2478/ntpe-2018-0056
[2] CAVINA, N., BUSINARO, A., ROJO, N. et al. Combustion
and intake/exhaust systems diagnosis based on acoustic
emissions of a GDI TC engine. Energy Procedia. 2016, 101,
677-684. https://doi.org/10.1016/j.egypro.2016.11.086
[3] CHIATTI, G., CHIAVOLA, O., RECCO, E. et al. Accelerometer measurement for MFB evaluation in multi-cylinder
diesel engine. Energy. 2017, 133, 843-850.
https://doi.org/10.1016/j.energy.2017.04.148
[4] CHŁOPEK, Z., PIASECZNY, L. Badania procesów szybkozmiennych zachodzących w silniku spalinowym. Zeszyty
Naukowe AMW. 2004, 2(157), 5-28.
[5] CWALINA, A., KNIAZIEWICZ, T., ZACHAREWICZ, M.
Problems of mathematical modelling of the marine diesel
engine working cycle for the diagnostic purposes. Solid
State Phenomena. 2015, 236, 212-219.
https://doi.org/10.4028/www.scientific.net/ssp.236.212
[6] KLUCZYK, M., GRZĄDZIELA, A. Vibration diagnostics
of the naval propulsion systems. Scientific Journal of Polish
Naval Academy. 2017, 1(208), 15-29.
https://doi.org/10.5604/0860889x.1237619
[7] KNIAZIEWICZ, T., ZACHAREWICZ, M. Ocena adekwatności modelu okrętowego tłokowego silnika spalinowego
opracowanego na potrzeby badań diagnostycznych. Zeszyty
Naukowe Akademii Morskiej w Gdyni. 2018, 108, 67-80.
[8] KORCZEWSKI, Z., ZACHAREWICZ, M. Alternative
diagnostic method applied on marine diesel engines having
limited monitoring susceptibility. Transaction of the Institute of Measurement and Control. SAGE. 2012, 34, 937-946.
https://doi.org/10.1177/0142331211426170
[9] KORCZEWSKI, Z., ZACHAREWICZ M. The method of
diagnosing warships engines with a limited capability of
measuring indicating pressures based on the results of the
gasdynamic processes in the turbocharging system. Polish
Naval Academy. Gdynia 2008. Research project:
0T00B02129.
[10] ŁUTOWICZ, M. Reverse IIR filter as a tool for cylinder
indicating channel patency impact correction on measured

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

cylinder pressure waveform. Journal of KONES. 2013, 20,
253-259.
PAWLETKO, R., POLANOWSKI, S. Evaluation of current
developments and trends in the diagnosis of marine diesel
engines based on the indicator diagrams analysis. Journal of
KONES Powertrain and Transport. 2014, 21(4), 389-396.
https://doi.org/10.5604/12314005.1130492
PIASECZNY, L. Technologia napraw okrętowych silników
spalinowych. Wydawnictwo Morskie. Linkoping 1992.
POLAŃSKI, Z. Planowanie doświadczeń w technice. PWN.
Warszawa 1984.
WITKOWSKI, K. The issue of the indicator diagram analysis for the purpose of diagnosis of marine diesel engines.
Journal of KONES Powertrain and Transport. 2015, 22(2),
293-298. https://doi.org/10.5604/12314005.1165456
ZACHAREWICZ, M. A method of diagnosing working
spaces of a marine engine based on gas-dynamic parameters
in the duct supplying the turbo-charger. Polish Naval Academy. Dissertation. 2009.
ZACHAREWICZ, M. Possibilities of parametric evaluation
of the technical condition of a marine combustion engine of
a low diagnostic susceptibility. Polish Naval Academy.
Gdynia 2019.
ZACHAREWICZ, M., CWALINA, A. Research on energetic processes in a marine diesel engine driving a synchronous
generator for diagnostic purposes. PART 1 – Physical model
of the processes. Journal of POLISH CIMAC. 2013, 8(1),
97-104.
ZACHAREWICZ, M., KNIAZIEWICZ, T. Research on
energetic processes in a marine diesel engine driving a synchronous generator for diagnostic purposes. Part 2 mathematical model of the processes, Journal of POLISH CIMEEAC. 2016, 11(1), 199-209.
ZACHAREWICZ, M., KNIAZIEWICZ, T., CWALINA, A.
Assessment of technical condition of marine auxiliary diesel
engine on the basis of electrical measurements of synchronous generator. Combustion Engines. 2015, 3(162), 170176.
ŻÓŁTOWSKI, B., ŻÓŁTOWSKI, M. Vibration signals in
mechanical engineering and construction. ITE-PIB. Radom
2015.

Tomasz Kniaziewicz, DSc., DEng. – Faculty of
Mechanical and Electrical Engineering, Polish Naval
Academy.

Marcin Zacharewicz, DSc. DEng. – Faculty of
Mechanical and Electrical Engineering, Polish Naval
Academy.

e-mail: T.Kniaziewicz@amw.gdynia.pl

e-mail: M.Zacharewicz@amw.gdynia.pl

COMBUSTION ENGINES, 2020, 181(2)

45

Article citation info:
SZWAJCA, F., WISŁOCKI, K. Thermodynamic cycles variability of TJI gas engine with different mixture preparation systems. Combustion Engines. 2020, 181(2), 46-52. https://doi.org/10.19206/CE-2020-207

CE-2020-207

Filip SZWAJCA
Krzysztof WISŁOCKI

Thermodynamic cycles variability of TJI gas engine with different mixture
preparation systems
Gas engines are a viable source of propulsion due to the ecological indicators of gas fuels and the large amount of the needed natural resources. Combustion of lean homogeneous gas mixtures allows achieving higher thermal efficiency values, which is a key factor in
current engine development trends. Using the spark-jet ignition system (also called as Turbulent Jet Ignition or two-stage combustion)
significantly improves the efficiency and stability of the combustion process, especially in the part-load operation on lean or very lean
mixtures. This paper presents the impact of using two different fuel injection methods: Port Fuel Injection or mixer on the operation
stability of a gas engine designed for LDVs.
Comparative studies of two different mixture preparation systems were carried out on a single-cylinder AVL 5804 test engine. By recording the cylinder pressure for a significant number of engine cycles, it became possible to determine the repeatability of engine operation and to correlate the results with the mixture formation system and the air-fuel ratio. In the performed research the beneficial effect
of the mixer system application on the engine operation stability in the part-load conditions was found.
Key words: CNG engine, cycle variations, Turbulent Jet Ignition, two-stage combustion, gas mixture formation

1. Introduction
Actually the most common energy sources supplied to
internal combustion engines are liquid fuels derived from
crude oil. This reliance on one type of resource encourages
the search for alternative motor fuels, which are characterized by wide availability, low production costs and better
ecological indicators. Natural gas seems to be an attractive
alternative, whose reserves are estimated to be more than
twice as high as the crude oil reserves [9]. The composition
of natural gas strongly depends on where it was extracted
from [2, 5]; however, regardless of this, the main component is always natural gas (methane, CH4). Natural gas can
be obtained from several sources, and its production is
profitable due to the low production cost [10].
Methane has a low C/H ratio, thanks to which CO2
emissions during combustion are reduced by about 25%
when considered in TTW, along with a significant decrease
in particulate emissions compared to gasoline [9].
An effective method of improving the ecological and
energy indicators of a single-fuel gas engine is the use of
lean mixtures combustion. However, such mixtures require
large ignition energy, which can be obtained, for example,
by using a divided combustion chamber or spark-jet ignition [13, 14, 21].
Gaseous fuel can be supplied to the engine through
a mixer, fuel injection to the intake port (PFI) or using
direct injection (DI). As a rule, mixer systems are being
installed in heavy duty engines, while multi-point injection
systems (PFI-type) are being used in LDVs. Each system
has a different method of creating the mixture, which directly translates into different engine performance [8].
Research carried out in the scope of the repeatability of
gas engine working cycles with a conventional ignition system indicated a decrease in work stability with an increasingly leaner mixture [15]. Singotia et al. [18] also noted a decrease in operation stability when increasing the engine
speed, but when the load increased so did the stability.
Comparison of direct and indirect fuel injection solutions [19] indicated the essential role of the injection tim46

ing, which directly translates into the amount of time available for mixture formation. A lower COVIMEP value was
obtained in the whole analyzed range of fuel injection timing (330–120°CA bTDC) when using PFI injection. The
disadvantage of this solution is the decrease in volumetric
efficiency. Further research [11] conducted for lean gas
combustion (Φ = 1/λ = 0.75–1.00), indicated a more stable
engine operation and greater thermal efficiency when using
indirect injection for high engine loads. Direct injection
provides better indicators when operating on partial loads.
Patel et al. [12] compared the direct CNG injection and
the throttle body integrated mixer in relation to the engine
speed. Higher thermal efficiency was achieved by using the
mixer in the low engine speed range, while direct injection
proved better when over 1500 rpm.
The impact of mixer design on the cycle operation repeatability in a six-cylinder in-line engine was discussed in
[3]. Supplying of gas through cross beams placed perpendicular to the mixer axis was compared, relative to the circumferential arrangement in the case of lean combustion
(λ = 1.7). The lower mean coefficient of cycle variation in
all cylinders was observed for the mixer with nozzles
placed radially.
A two-stage combustion system, which was also the
subject of this paper, has been in development since the
1920s all the way to the present day. The main purpose of
its application is to obtain large ignition energy, which is
particularly important when burning lean mixtures. Due to
the prospects of implementing the solution on a large scale,
various construction variants have been proposed [22].
The use of this type of system allows increasing the limits of stable engine operation (COVIMEP < 5) in conditions
of lean mixtures combustion as compared to a conventional
system with open geometry combustion chamber [16]. In
addition, it significantly intensifies the combustion process,
which is particularly important due to the slower laminar
flame speed of natural gas compared to gasoline [1, 4].
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2. Aim and scope of research
The use of a spark-jet ignition system in a single-fuel
gas engine results in a change of the nature of the combustion process when compared to the conventional (SI) solution. In the analyzed case, the engine was fed with a premixed fuel-air mixture. The degree of mixture homogeneity
depends mainly on the method of its preparation. Hence,
various methods of gaseous fuel injection are used. The
purpose of the research described in this paper is to assess
the impact of various CNG supply methods on the operation stability of an engine with an additionally supplied prechamber.
The scope of research reported here includes conducting
an experiment on a test stand equipped with a singlecylinder test engine. In the tests engine parameters with two
different CNG injection systems were recorded: gas delivery by PFI system and by gas-air mixer, as described later
in chapter 3.3. In both cases however, the small ignition gas
quantity was supplied by jet igniter mounted in small prechamber located in the center of cylinder head (s.c. active
pre-chamber).

3. Methodology of research
3.1. Test stand
To measure the impact of the combustible mixture homogeneity on the gas engine operation stability, a test stand
equipped with a single-cylinder AVL 5804 engine was
used, with its technical data listed in Table 1. The modernization of the engine cylinder head, which was previously
used as a dual fuel system, allowed the use of a Turbulent
Jet Ignition system. The jet igniter (Fig. 1) consists of
a small volume pre-chamber, a housing with a spark plug
and a direct gas injection system. Gas is dispensed to the
ignition chamber through the injector connected to the prechamber with a tube ended with a check valve. The chamber has 10 nozzles, 7 were placed radially, while 3 were
placed in the cylinder axis.
The engine was connected to an asynchronous brake
operating in the range of –50–300 Nm and ensuring that the
engine operates at as constant a speed as possible. The
cooling and lubrication system (AVL 577) works independently of the engine speed. It allows obtaining stable
thermal conditions up to the water and oil temperature of
150°C.

Fig. 2. Schematic of single cylinder engine test stand with port fuel
injection system (PFI)
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During the tests, the test stand was used in two configurations described in Figs 2 and 3. The difference concerned
the system for creating the main combustible mixture. In
the first test series, gas injection to the intake manifold
(PFI) was used, while in the second, the mixer (M) was
used. The intake system was equipped with a supercharging
device that allowed smooth pressure regulation in the intake
manifold. It consisted of an electric motor driven mechanical compressor and an expansion tank. The exhaust system
did not contain any aftertreatment systems.
The CNG tank consisted of two cylinders with pressure
reducers, which supplied with gas the igniter and main
chamber independently. This made it possible to obtain
different injection pressures for those two. Two independent manually adjusted controllers were used to control the
injection system operation. They allowed regulating of the
start time and duration of fuel injection in a wide range.
The ignition time and coil charging current were also adjusted manually.
Table 1. Engine technical data
Engine
Displacement volume
Bore × stroke
Pre-chamber volume
Compression ratio
Piston bowl shape
Cooling system
Boosting system

single cylinder AVL 5804
510.7 cm3
85 × 90 mm
1.8 cm3
15.2
omega ω
liquid
mechanically driven supercharger

Fig. 1. Cross-section view of jet igniter mounted in AVL 5804 cylinder
head

Fig. 3. Schematic of single cylinder engine test stand with mixer (M)
injection system
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3.2. Methodology and research conditions
The AVL IndiSmart fast variable parameter registration
system was used in the research. The data was processed on
an ongoing basis using the AVL IndiCom software. The
pressure was measured using an AVL GH14D piezoelectric
transducer with a measuring range of 0–250 bar mounted in
the engine cylinder head. The engine speed was recorded
using an optical crank angle marker AVL 364C. The mass
air and CNG flow rates were measured by three flow meters with different working ranges, whose exact parameters
were provided in Table 2. Based on the data of the amount
of CNG supplied, the fuel doses per cycle dispensed to the
cylinder (qoMC) and to the pre-chamber (qoPC) were determined. The air-fuel equivalence ratio λ was calculated according to formula (1). Its value was adjusted by changing
the pressure in the intake system, which led to a change in
the mass air flow rate. Fuel injection time and ignition time
were read using clamp meters.
λ=

_

_

(1)

×

Tests for both injection systems were carried out under
the same conditions. The parameter that changed during the
engine operation was the value of the air-fuel equivalence
ratio, as it varied in the range 1.2–1.55. Data was recorded
for three engine operating points at 1500 rpm. The total
amount of fuel per cycle was constant during testing and
the load was about 7 bar of IMEP. The gas injection start
time for both chambers was the same at 300°CA bTDC in
the intake stroke. Ignition was determined individually at
individual work points. The ignition timing was adjusted so
that the COC was located 8°CA aTDC. The COC was assumed to be the camshaft angle for which 50% of the fuel
dose was burned, MBF50%, and was calculated based on
the integral of heat released.

3.3. Injection methods
A gas engine with an additional combustion chamber
requires at least two fuel supply systems. In the analyzed
case, direct fuel injection into the ignition chamber was
used, as well as either an external PFI or a mixing system.
The specification of the solutions used during the tests was
shown in Table 3. In order to obtain a low dose of qoPC
a choking system was installed between the injector and the
pipe supplying fuel to the pre-chamber.
Table 3. Gas injection systems specification
Apply

Type

PC
MC
MC

DI
PFI
Mixer

Injector
quantity
1
1
4

Injection
pressure
6 bar
9 bar
9 bar

Fuel dose [mg/inj]
0.38
19.9
19.9

PFI injection was carried out using a single dedicated
electromagnetic injector for CNG supply. It was placed so
that the fuel was injected into one of the cylinder head's
inlet port. The second system used a mixer built into the
intake system at a considerable distance from the engine
head. Mixer (Fig. 4) consisted of the housing (2), in which
four injectors (3), fuel supply rails (4) and throttle (1) were
placed. The body had a network of channels supplying fuel
to the nozzle located circumferentially and in crossed
beams.

Table 2. Mass flow meters technical data
Parameter
Air mass flow
Main chamber
fuel mass flow
Pre-chamber fuel
mass flow

Name
Sensycon Sensyflow

Specification
0–720 kg/h (± 1%)

Emerson mCMFS

0.1–2 kg/h (± 0.25%)

Bronkhorst 111B

0.1–100 g/h (± 0.5%)
Fig. 4.View of 3D mixer model used in research

During the tests, the parameters for 100 following engine cycles were recorded at a frequency of 0.1°CA. To
qualitatively determine the repeatability of engine operation
from cycle to cycle, COV values were determined according to formula (2). It determined the measure of the degree
of variation in the value of the measured variable.
where σ

and μ
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COV

=

(2)

is the standard deviation:
="

σ

∑*+,$% &%'()
-

(3)

is the arithmetic average:
μ

/

= ∑12/ x 1
-

(4)

4. Discussion of results
Depending on the literature sources, researchers performing similar work used different numbers of recorded
engine cycles [7, 17]. Due to the low level of values dispersion for the measured parameters, 100 cycles were deemed
a sufficient number for the considered engine tests. The
obtained data was presented in a general way as statistical
data as well as in a more detailed way. The studies compared external systems for creating an air-fuel mixture,
ensuring different quality of the obtained mixture. The airfuel equivalence ratio λ varied in the range 1.2 to 1.55 during the performed tests. This is due to the specific benefits
of lean mixtures combustion.
Figure 5 presents a series of recorded pressure curves
for the cylinder as a function of crankshaft angle at the
maximum value of the air-fuel equivalence ratio λ = 1.55.
Data for the PFI system are marked in red, and data for the
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Figure 7 shows the distribution of the number of cycles
in which IMEP falls within a given range for three selected
λ values. In the case of the leanest mixture, larger IMEP
values were obtained by using injection before the intake
valve. Then, along with the decreasing value of λ, the IMEP
value increased in favor of the mixer system. This is probably due to the loss of the fresh fuel dose generated by the
mixer when the timings overlapped. The air-fuel equivalence ratio increased by increasing the pressure in the intake
system, which promoted the flow of fresh fuel dose remaining from the previous cycle directly to the exhaust system.
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Fig. 5. Dispersion of in cylinder pressure trace for equivalence ratio
λ = 1.55, PFI marked in red, mixer system in blue

The parameter most commonly used to determine the
engine operation stability is the coefficient of variation of
the indicated mean effective pressure COVIMEP [20], the
results of which were shown in Fig 6. The limit value above
which the engine is operating incorrectly is being accepted
5% [6]. In the case of gas engines, this is a particularly
important parameter when determining the effective flammability limits of an air-fuel mixture. In the analyzed case,
the lowest value was achieved for λ = 1.35; below and
above this value the COVIMEP increases. This is probably
related to the dependence of the laminar flame velocity on
the composition of the combustible mixture.
One should keep in mind that the fuel dose delivered to
the ignition chamber was small due to this being the most
energy efficient way. As one can observe in the Fig. 6, in
the whole analyzed range, more stable operation was obtained using a mixer.
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Fig. 6. Effects of injection system on coefficient of variation of indicated
mean effective pressure (IMEP) for different charge composition

80

P_max P_min

70

0

1.6

1.15 1.20 1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60
Lambda [- ]

Cycles [-]

-30
0
30
Crank Angle [deg]

Cylinder pressure [bar]

Cylinder pressure [bar]

60

0
-60

80

70

PFI
M

1.0

7.30
IMEP [bar]

7.45

7.60
PFI
M

Lambda 1.35

15
10
5
0
6.60
20

Cycles [-]

Cylinder pressure [bar]

80

1.8
1.7
COV_IMEP [%]

mixer system (M) are blue. The maximal and minimal peak
of pressure for all cycles is specified as a P_max and
P_min. Greater divergence of values was found for the fuel
injection into the intake duct. This system ensures worse
mixing of the gaseous fuel with air, if only due to the
smaller amount of time available. A significant part of the
mixture formation process takes place directly in the cylinder during the intake and compression strokes. In comparison, while applying the mixer system the formation of the
mixture begins in the intake system at a considerable distance from the engine head and much more time is available for better mixture homogenization. In addition, gas and
air diffusion was supported by the mixer geometry.
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Fig. 7. Histogram of indicated mean effective pressure for three different
lambda values

The maximum pressure in the cylinder was then taken
into account, as well. This is one of the important indicators
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of the intensity and regularity of the combustion process.
According to the results presented in Fig. 8, in the entire λ
range, as it was in the case of COVIMEP, gas injection
through the mixer provides greater engine operation stability. The characteristic shape of both curves varied. In the
case of the PFI system, as the dose becomes leaner, the
COV increases, i.e. the repeatability of individual work
cycles decreases. The use of the mixer significantly stabilizes the combustion process especially in the range of λ =
= 1.2–1.35. The largest difference of 3% was recorded for
the leanest mixture.
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Fig. 8. Effects of injection system on coefficient of variation of peak
pressure (PP) for different charge composition
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A more accurate analysis of the maximum combustion
pressure is presented in the form of point maps, Fig. 9. The
vertical axes show the maximum pressure values, the horizontal axis is the crankshaft angle CA at which the maximum pressure occurred. The later the pressure reached its
maximum, the lower was its recorded value. This is due to
the change in cylinder volume during the combustion
stroke. The spread of data points increased with the increase of λ, this is especially visible with the PFI system.

50

The mixture richer in fuel has lower ignition requirements
in relation to the lean mixtures. Despite the use of a highefficiency ignition mechanism in the PFI system, there still
are data points where the combustion was abnormal (λ =
= 1.35–1.55). This was probably due to insufficient mixing
of the fuel and air, leading to the creation of local areas that
were very difficult to ignite.
Data regarding the combustion process duration refers
to the amount of MBF relative to the crankshaft rotation
angle. The results of the variable nature of the combustion
process were shown as COVMBF50% (Fig. 10) representing
the center of combustion and COVMBF90% (Fig. 11) representing the end of combustion. In both cases, the observed
trends were the same as those previously discussed. The
COVMBF90% value over the entire engine operating range
was less than for COVMBF50%. This proves that the process
had higher repeatability in the second phase of combustion.

As previously mentioned, the parameter relative to
which the ignition timing was regulated for each test point
was the center of combustion COC. The ignition timing
was adjusted so that MBF50% was 8°CA aTDC. Figure 12
shows the distribution of the MBF50% values for the 100
registered engine cycles. While recording the engine operating parameters, the ignition system controller was set to
generate a spark trigger signal at a constant time. A larger
spread of values can be found when using the PFI system.
In the conditions of lean mixture combustion, the difference
between the minimum and maximum MBF50% reached up
to 9°CA compared to the 3.7°CA for the tested mixing
system.
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5. Conclusion
The results of research on the stability of a gas engine
operation equipped with a modern two-stage combustion
system have been presented in the paper. The analyzed
solution was dedicated to LDV vehicles. The large amount
of energy generated by the TJI (or spark-jet) ignition system allows to effectively ignite lean mixtures, which can be
interpreted directly as a possibility of improving the engine's operating indicators. An important element affecting
the engine operation is the mixture creation system. There-

fore, two different methods of gaseous fuel injection were
compared in this study.
The compared injection systems were characterized by
different degrees of homogeneity of the created air-fuel
mixtures. The use of CNG injection into the intake duct
shortened the time available for mixing fuel with the air. As
a result, the mixture is less homogeneous than the one obtained through the use of a mixer placed in the intake system.
The conducted research indicates the beneficial effects
of combustion using more homogeneous mixtures on the
repeatability of engine operation from one work cycle to the
next. Lower COVIMEP value for mixer fuel supply throughout the whole engine operating range was obtained from
a statistical analysis of the results. In each of the analyzed
cases, COVIMEP was well below the value considered as
a limit for stable engine operation. In the case of combustion of the mixture at λ = 1.2 the difference was 23% while
for λ = 1.55 it was 14%. The same trends were observed for
the other indicators (COVPP, COVMBF50%, COVMBF90%). In
addition, the use of a gas-air mixing support system allowed avoiding abnormal combustion in individual engine
operating cycles. The disadvantage, however, was the presence of gaseous fuel in a significant volume of the intake
system. This creates a risk of backfire as well as fuel leak
directly to the exhaust system during the valve overlap
timing.
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Nomenclature
CA
CNG
COV
COC
DI
IMEP
LDV
MBF
MC

crank angle
compressed natural gas
coefficient of variation
center of combustion
direct injection
indicated mean effective pressure
light duty vehicle
mass burned fraction
main chamber

PC
PFI
PP
SI
TJI
TTW
λ
Φ

pre-chamber
port fuel injection
peak pressure
spark ignition
turbulent jet ignition
tank to wheel
air excess ratio
equivalence ratio (1/λ)
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