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ARTICLE INFO

The paper presents the results of the bench tests to measure mechanical vibrations of a new aircraft

opposed piston engine with reciprocating pistons. The PLZ-100 engine is a three-cylinder, six-piston, two-shaft
drive unit with a two-stroke diesel cycle. This type of engine is dedicated for powering light aircraft, e.g.
autogyros. The tests were carried out on a test bench at the Lublin University of Technology. The engine was
loaded with constant torque, for several fixed values of rotational speed of a crankshaft. The angle of the start of
diesel injection was changed for each of the rotational speeds. The mechanical vibrations that accompanied the
operation of this drive unit were recorded with three measurement transducers and a National Instruments
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conditioning system. Each of the transducers was mounted on a different axis of the engine. The signals were
analyzed from their diagrams with the DIAdem software. The results were the diagrams of effective speed and
vibration acceleration to conduct a vibration-acoustic evaluation of the PLZ-100, detect and prevent various

Key words: DIAdem, mechanical vibrations, opposed pistons, PZL-100, vibroacoustics
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1. Introduction

Air transport is the transfer of people or goods by air.
The main means of transport are aircraft in the categories
of aeroplanes and helicopters. However, for individual
transport, gyroplane are increasingly used [4, 5].

In contrast, internal combustion engines are commonly
used to power aircraft, especially gyroplanes. The largest
group includes piston aircraft engines. Compared to turbine
engines, these engines are significantly cheaper and require
less maintenance. Since their first use, aircraft engines have
been continuously developed and modified. [3]. In addition,
some manufacturers are attempting to use compression
ignition engines or engines with reciprocating pistons
to power aircraft [7, 8, 15].

Two-stroke engines with opposed pistons have been
known since 1890. They are used to drive road vehicles,
marine vessels and even aircraft. [9, 15]. Engines of this
type made a comeback after Achates Powers presented
a three-cylinder engine with a capacity of 2.7 dm’. Origi-
nally, the power unit was dedicated to drive vans. The en-
gine was first unveiled at the 2015 international exhibition
in Detroit. Series production, on the other hand, is expected
to start as early as 2024 [1].

The opposed piston engine has a number of advantages
and disadvantages in comparison with turbine engines.
The advantages include, for example, the lack of a cylinder
head — the combustion chamber is limited by two moving
piston bottoms (with reciprocating motion). In addition,
there is no need for a valve drive, which limits the loss
of mechanical power.

The main disadvantage of the classical piston engine,
as compared to turbine engines, is the mechanical vibra-
tions generated due to the cyclic working process and the
design of the piston-crank system. The engine with its heat
generation process is a direct source of such oscillations.
As well as a drop in the generated power, the vibrations

may be transmitted to the structure of an aircraft or a vehi-
cle, generating a high level of discomfort for the persons
travelling in it [6, 9]. Compression-ignition engines gener-
ate a high compression ratio, which translates into the gen-
eration of variable torque at the crankshaft. The high level
of torsional vibration results in changes in torque transmit-
ted not only to the drivetrain but also to the engine mount-
ing. Therefore, opposed cylinder arrangements and a two-
stroke operating process are used to reduce mechanical
vibrations [2]. Engines of this type have two opposing pis-
tons always moving in the opposite direction (in one cylin-
der). These pistons are mechanically connected to their
crankshafts, which are also mechanically connected. There-
fore, relatively small loads are transferred to the engine
block, which mitigates vibrations of the entire engine. En-
gines with reciprocating pistons are considered self-
balancing, without the need for additional mechanisms [10,
11, 13].

Fig. 1. Model of crank-piston system of PZL-100 engine in CAD envi-
ronment

This paper presents the results of bench testing for
measuring the mechanical vibrations of an engine with
opposed pistons. This is a two-stroke, three-cylinder aircraft
engine called PZL-100. The engine has two crankshafts and
six pistons, which move against each other, but the rotation
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of the shafts is shifted in phase by 14 (Fig. 1). Understand-
ing the level of vibration generated by the engine is essen-
tial for its correct installation and the selection of vibration
isolators. Vibration analysis provides information about the
technical condition of the engine during operation.

2. Research object and test stand

The object of the research was a prototype aircraft en-
gine design with opposed pistons. The unit implements
a two-stroke diesel cycle. The engine will be dedicated to
propel gyroplanes. The PZL-100 engine has three cylinders
and two opposed pistons in each of the cylinders. The en-
gine generates 100 kW of mechanical power from a capaci-
ty of 1.5 dm’. The propulsion unit was developed as part of
the Diesel Engine for Aircraft Propulsion project carried
out at the Lublin University of Technology.

Fig. 2. PZL-100 engine on the test stand

A PZL 100 research engine installed on a brake stand in
the Lublin University of Technology laboratory was tested
within the scope of the research work (Fig. 2). This test
stand was equipped with control and measurement systems
allowing testing of the power unit under various operating
conditions (load and crankshaft rotational speed). PCB
sensors were used to record the vibration level — engine
acceleration values (Table 1). Three sensors, for each en-
gine axis, were installed on the engine block, as shown in
Fig. 3.

Table 1. Features of the PCB352C03 sensor [14]

Parameter Unit Value
Sensitivity mV/g | 10 mV/g
Measurement g pk 4500
range

Broadband g rms 0.0005
resolution

Frequency Hz 0.5to
range 10000
Sensing - Ceramic
element

The measurement signals were collected and condi-
tioned using a module from National Instruments. It is
a system control and real-time data archiving device for
advanced applications. The platform used has a built-in
network interface, which enables remote download of data
recorded by the device.

The tests were carried out for a constant torque load of
25 Nm on the drive unit. The engine drive shaft speed and
injection start angle were changed during the tests. Figure 4

shows the location of all measurement points. In addition,
for each accelerometer, individual signals for each of the
three axes were recorded in real time.

Fig. 3. Location of accelerometers on the test unit block (X-axis of cylin-
ders, Y-axis of crankshaft, Y-vertical axis)

The conditioned signals were then archived and pro-
cessed using DIAdem National Instrumensts software. In
this software, the values of the signals from the vibration
sensors were filtered, converted into units of velocity and
acceleration, and the RMS values and RMS mean values
were calculated. In addition, for a rotational speed of 3600
rpm, tests were carried out for torque values of: 50 and 75
Nm. This speed is the cruising speed of the PZL 100 air-
craft engine.

Qi [°] ° ainj [o] ®N [kW] P [kW]
40 30.0
L
: 25.0
30 E
20.0
20 : : : ¢
3 $ : ! 15.0
. . .
10 : : H P4 100
¢ L .
0 5.0
2800 3000 3200 3400 3600 3800
n [rpm]

Fig. 4. Location of vibration test points on the PLZ-100 engine

3. Results of bench tests

For all measurement points during the vibration test
of the PZL 100 engine, signals from accelerometers in-
stalled in three axes were recorded (Fig. 3):

"X" — in the axis parallel to the axis of the cylinders

(horizontal axis),

— "Y" —in the axis parallel to the crankshaft axis (horizon-
tal axis, normal to the "X" axis),

— "Z" — in the vertical axis, normal to the "X" and "Y"
axes”.

Using DIAdem software from National Instruments,
they were analysed. As a result of the analysis, the wave-
forms of the engine block vibration velocity, RMS velocity,
acceleration and RMS acceleration were prepared. Example
results were compiled for the engine crankshaft rotational
speed corresponding to the cruising speed, n = 3600 rpm,
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and the injection start angle oj,; =5° (load M =75 Nm) —
Figs 9-13.

T T T T T T T T T
0001 0002 0003 0004 0005 0006 0007 0008 0009  0.01
Time [s]

Fig. 5. The diagram of the vibration velocity in the X axis; n = 3600 rpm,
M =75 Nm, Q= 5°
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Fig. 6. The diagram of the effective RMS velocity of vibrations along the
X axis; n = 3600 rpm, M =75 Nm, Q= 5°
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Fig. 7. The diagram of the vibration velocity in the Y axis; n = 3600 rpm,
M =75 Nm, Q= 5°
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Fig. 8. The diagram of the effective RMS velocity of vibrations along the
Y axis; n = 3600 rpm, M =75 Nm, Oly= 5°
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Fig. 9. The diagram of the vibration velocity in the Z axis; n = 3600 rpm,
M =75 Nm, o= 5°
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Fig. 10. The diagram of the effective RMS velocity of vibrations along the
Z axis; n = 3600 rpm, M =75 Nm, ay= 5°
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Fig. 11. The diagram of the effective RMS acceleration of vibrations along
the X axis; n = 3600 rpm, M =75 Nm, Oy,=5°

40

394

38
\—w N

374

RMS Y m/s2

36

354

34 T T T T T

Time [s]

Fig. 12. The diagram of the effective RMS acceleration of vibrations along
the Y axis; n = 3600 rpm, M =75 Nm, Oy,=5°
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Fig. 13. The diagram of the effective RMS acceleration of vibrations along
the Z axis; n = 3600 rpm, M =75 Nm, = 5°

4. Summary

As a result of the research work carried out and the
analysis of their results, the diagrams of mechanical vibra-
tions of the PLZ-100 engine were prepared. The engine was
conditioned by bench tests for a constant load of the crank-
shafts with a torque of 25, 50 and 75 Nm (for power: 7.8,
8.4, 8.9, 9.5, 18.9 and 28.7 kW). The rotational speed of the
engine crankshafts was changed during the tests. For each
speed the fuel injection start angle was changed and me-
chanical vibrations were recorded in three engine axes (Fig.
3) — in the axis along the crankshafts, cylinders and in the
vertical axis.
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Fig. 14. Average RMS value of the vibration velocity depending on the
injection angle for the X axis (25, 50 and 75 Nm)
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Fig. 15. Average RMS value of the vibration velocity depending on the
injection angle for the Y axis (25, 50 and 75 Nm)
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Fig. 16. Average RMS value of the vibration velocity depending on the
injection angle for the Z axis (25, 50 and 75 Nm)

The measurement signals from the accelerometers were
then processed using DIAdem software. In this software,
the signals were subjected to, among others, de-noising
(filtering) and integration. As a result of this analysis, the
waveforms of velocity and acceleration values of mechani-
cal vibrations and average RMS values for all measuring
points of the research engine were obtained (Figs 14-16).

The results obtained in this way were compared with the
legal regulations concerning the measurement of mechani-
cal vibrations in technical machines. The representative of
such legal act is the In of machine ISO 10816-6 — Mechani-
cal vibration — Evaluation vibration by measurements on
non-rotating parts. The presented research engine PZL-100
falls under Part 6: Reciprocating machines with power
ratings above 100 kW. Figure 17 shows the range of ac-
ceptable values of mechanical vibrations for reciprocating
engines according to ISO 10816-6. Furthermore, this stand-
ard specifies general conditions and procedures for the
measurement and evaluation of vibrations, using measure-
ments performed on non-rotating and non-reversing parts of
reciprocating machines. It applies to rigidly or resiliently
mounted reciprocating machinery with a rated power ex-
ceeding 100 kW. The general assessment criteria presented
apply to both in-service monitoring and acceptance testing.
They are also used to ensure that the vibrations of the ma-
chine do not have a negative effect on equipment directly
mounted on the machine. The standard divides reciprocat-
ing machinery into 7 classes, depending on engine power,
displacement, design or crankshaft speed (Fig. 17). Accord-
ing to the standard, the priority for piston engines is the
average RMS value for the displacement speed of the en-
gine block, while internal combustion piston engines are
placed between class 5 and 7.

Fig. 17. Range of mechanical vibration values for internal combustion
engines depending on engine class — ISO 10816-6 [12]

With reference to ISO 10816 standard, the PZL-100 en-
gine can be qualified to A/B class (Fig. 17), that is the ma-
chine suitable for unlimited long-term exploitation — none
of the measurement points of vibration velocity in different

dynamic states of the engine has exceeded the value of 4.46
mm/s.
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1. Introduction

Crude oil, or rock oil, is the most important hydrocarbon
raw material for the production of valuable industrial prod-
ucts, such as gasoline, diesel oils, lubricating oils, paraffin.
Among hydrocarbon products, lubricating oil, diesel and
biodiesel (blends of fatty acid methyl esters with diesel fuel)
that are used in diesel engines are the most susceptible to
microbial degradation. Such a decomposition occurs even in
the case of properly operated engines. The condition for the
growth and development of numerous - bacteria and fungi in
these products is the presence of organic carbon compounds
and water [3, 6]. Hydrocarbon products are characterized by
the ease of adsorption of water particles at the interface,
hence it is a common pollutant. Many species of bacteria and
fungi have the ability to grow in petroleum products that are
a source of carbon and energy. Therefore, the life activity of
microorganisms causes the decomposition of hydrocarbons
and refining additives and the release of water, sulphur com-
pounds, surface-active substances to the fuel. The result is
changes in the chemical composition of the fuel and the
value of some physical parameters, such as boiling point,
base number or viscosity.

In this study the impact of the effective microorganisms,
silver solution and colloidal nanosilvers addition on the
fresh and used engine oil base number was analyzed [4].

2. The base number as a parameter characterizing
the washing and dispersing abilities of engine oil

Modern engine oils are technologically advanced prod-
ucts that meet stringent requirements in terms of physico-
chemical properties and actual performance.

The parameters characterizing lubricating oils include,
among others. viscosity, volatility describing the tendency
of an oil to evaporate at high temperatures. Then it is the
Total Base Number (TBN) of the so-called reserve of alka-
linity in the oil (TBN is the ability of the oil to neutralize
the acid products of combustion). The alkalinity buffer is
used to neutralize the acids formed as a result of oxidation
processes, especially fuel combustion, especially in the case

of using low-quality fuel with high sulfur content and oil
oxidation. The amount of acid in the oil is described by
another number known as the Total Acid Number (TAN),
measured according to ASTM D 664. As the oil ages, the
TBN value gradually decreases as the TAN increases. At
some point, these values become the same, which is known
as TBN/TAN point crossover (Fig. 1). In this situation, the
protection of the engine against corrosion deteriorates sig-
nificantly and an oil change is necessary. Unless poor quali-
ty fuel is used and oil change intervals are adhered to, it is
unlikely that there will be a TBN/TAN break-off point. In
most cases, particle contamination, not acidity, is the main
cause of an oil change [2, 10].

Fig. 1. Change in the value of TBN and TAN depending on the oil mileage [1]

3. The impact of additives enriching engine oils on

the natural environment

The preparation of high-quality engine oil is no longer
possible just by using advanced base oils. Contemporary
lubricating oils consist of two basic groups: base oils and
a package of enriching additives.

The use of an oil base and refining additives of petrole-
um origin in the content of lubricants is associated with
a negative impact on health and the environment [5].
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Lubricating oils with additives cause serious damage to
soils, due to the multistep physicochemical processes leading
to a change in the forms and distribution of organic matter, in
the range of carbon, water, nitrogen, and phosphorus. As soil
is an environment for a variety of microorganisms and higher
living organisms, its contamination with petroleum-based
lubricants becomes hazardous and a detrimental effect on
biological life may occur. The proper functioning of the
ecosystem may be disturbed. Mineral oil can clog pores in
the soil, resulting in reduced aeration and water infiltration.
The presence of petroleum compounds may reduce or limit
the permeability of soils, and, consequently, cause the degra-
dation of soils due to oxygen deficit [1, 7].

One of the additives are biocides, which are pesticides
used, inter alia, to combat or limit the growth of microor-
ganisms in petroleum products. They should have a broad
spectrum of activity on various groups of microorganisms,
dissolve in the aqueous and organic phase, be effective at
low concentrations and efficient in use. It is very important
to dose the biocides correctly. Too small amounts may
result in the immunization of microorganisms and, conse-
quently, the use of ever higher doses to ensure the expected
effectiveness. It is not without its impact on the natural
environment, because most biocides also destroy beneficial
organisms and cause unfavorable changes in the composi-
tion of microorganisms. Despite the number of benefits
resulting from the use of biocides, there are currently strong
tendencies to limit their use [6]. They are caused by the fear
of the harmful effects of these highly concentrated sub-
stances on the environment [8, 9].

One way of combating microorganisms with regard to
environmental aspects can be effective microorganisms
(EM), that is, a complex of cultures of beneficial naturally
occurring microorganisms, genetically unmodified, remain-
ing in a state of equilibrium, not only harmless to humans,
animals and the environment, but even necessary for their
proper functioning.

Another environmentally friendly compound is nanosil-
ver, i.e. microscopic particles. Thanks to the fragmentation
of silver into nanoparticles with a size of 1 to 5 nm, the
effectiveness of using the bactericidal, fungicidal and viru-
cidal properties of silver has increased incomparably.
Crushed silver to nanoparticles has a disproportionately
larger active surface, and thus a previously unattainable
biocidal potential. The effectiveness of nanosilver includes
the elimination of over 99.99% of bacteria, fungi, viruses
and mold. Nanosilver is able to attach to bacterial cell
membranes and block their production of enzymes neces-
sary for reproduction and growth.

Therefore, as part of research work with the use of the
effective microorganisms and silver compounds, their in-
fluence on, among others, the base number of lubricating
oil was investigated.

4. The research methodology

In the conducted tests, the base number of engine oil
was measured. For this purpose the Titrator TitroMatic 2S
has been used (Fig. 2).

TitroMatic 28 titrators are equipped with two exchange-
able burettes. Additionally, the titrator used for the tests is
equipped with a peristaltic pump for automatic dosing of

reagents, mediating in the analysis process and automatic
determination of the sample volume before titration.

In this titrator, the movement of the piston of the digital
glass burette (piston) is provided by a precise stepping
motor with a resolution of 1/40000 steps. For a 10 ml bu-
rette, the maximum dispensing resolution is 0.00025 ml and
ensures a real minimum dispensing accuracy of 1 ul (0.001
ml). The dosing precision of the titrator is compared with
the accuracy of the analytical balance [11].

Fig. 2. TitratorTitroMatic 2S device prepared to determine the base
number

The tests were carried out using samples of the SW30
fresh and used motor oil according to the ASTM D 2896
standard. Each sample was tested three times and the final
result is the mean of these measurements.

One of the additives which improve the properties of oil
are effective microorganisms. They are specially selected
the smallest organisms on Earth. It is a composition of 81
different strains of aerobic and anaerobic microorganisms,
incl. lactic acid bacteria, yeast, photosynthetic bacteria and
actinomycetes. This technology was developed by Teruo
Higa, Professor of Horticulture at the Agricultural Acade-
my of Ryukyus University in Okinawa, Japan. In trade,
effective microorganisms exist in liquid form and as ceram-
ic tubes. EM ceramic tubes are clay fermented with effec-
tive microorganisms and then fired under special anaerobic
conditions. Effective microorganisms preserved in a ceramic
form are characterized by the fact that they are resistant to
high temperatures and maintain their beneficial properties for
a long time. Effective microorganisms have a pH of 3.5.

The second addition was non-ionic and ionic silver.
Non-ionic silver, i.e. colloidal silver (research studies used
silver with a concentration of 25 ppm and pH 6-8). Colloi-
dal silver is 80% of silver particles, while the remaining
20% are silver ions. It has a yellow color because the silver
particles that are dispersed in the water block the light pass-
ing through them. Ionic silver is silver solution (research
studies used silver with a concentration of 37 ppm and pH
6-8). Ionic silver is as transparent as water. Ionic silver
contains 90% silver ions and only about 10% silver parti-
cles. As 90% of the particles are silver ions, a more appro-
priate name is "silver solution".

Samples have the addition of the effective microorga-
nisms in liquid form in the amount of 2.5 ml and 5 ml and
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ceramic tubes in the amount of 3 pieces and 6 pieces. In
addition, silver solution and colloidal nanosilver in the
amount of 2.5 ml and 5 ml to fresh and used oil were added.
In addition, fresh oil and used oil without any additives
were also tested to compare the base number obtained.

In order to measure the base number, the device was
first calibrated by recognizing buffer solutions with known
pH values. After calibrating the device, a titration was
made. First, a blank test was made, pouring 100 ml of sol-
vent Mixture T.A.N. After this test, 20 ml of oil of known
weight was poured in. After these activities, electrometric
titration with hydrochloric acid solution HCl was carried
out. After the end of the titration, the weight of the tested
oil was entered and then the base number in mg/KOH was
obtained, which was determined to be equivalent in terms
of acid neutralization ability to the alkaline additives con-
tained in 1 g of improved lubricating oil.

5. Results and analysis of tests

In order to analyse oil base number changes for each
samples, the test results are presented in the form of graphs
in Figs 3-6. These graphs show different values of the base
number after adding to fresh and used oil effective micro-
organisms in liquid form (2.5 ml and 5 ml per 100 ml of
oil) and in the form of ceramic tubes (3 pieces and 6 pieces
with a diameter of 9 mm and a height of 11 mm for 100 ml
of oil). In addition, silver solution and colloidal nanosilver
were added to fresh and used oil in the same proportions as
for effective microorganisms (2.5 ml and 5 ml per 100 ml
of oil).

1.6

_— m Used oil

20 1.4

I

g 1.2 A m Used oil with EM

léo 10 1 2,5 ml

= 0.8 - Used oil with EM

2 ' 5ml

E 06 Lo

g m Used oil with EM

g 0.4 - 3 pes

@ 02 ® Used oil with EM
0.0 6 pes

Fig. 3. Base number of used oil and used oil with EM in liquid form and
ceramic tubes

Analysing the above results, it can be seen in Fig. 3, that
for used oil the base number is 1.358 mgKOH/g, while the
addition of the effective microorganisms to the oil in the
amount of 2.5 ml and 5 ml causes the base number to drop
to 0.937 mgKOH/g and 0.844 mgKOH/g, respectively,
which means more greater deterioration of oil properties.
On the other hand, adding microorganisms to the oil in the
form of ceramic tubes in the amount of 6 pieces also reduc-
es the base number to the value of 0.749 mgKOH/g, which
is not favorable for the oil, but for the amount of 3 pieces of
these tubes, the smallest decrease occurs, to 1.250
mgKOH/g. In general, the addition of any amount of the
effective microorganisms to the used oil deteriorates the
properties of the oil, reducing the already low base number.

In the case of adding 2.5 ml of colloidal nanosilver to
the oil, a slight decrease in the base number to 1.350

mgKOH/g can be observed (Fig. 4), i.e. it can be concluded
that this amount of silver addition neither improved nor
deteriorated the properties of the oil. It looks different when
adding 5 ml of colloidal nanosilver, because in this case
there was a slight increase in this number to 1.402
mgKOH/g. As for silver solution, this additive significantly
reduced the base number, both with the addition of 2.5 ml
and 5 ml, to 1.037 mgKOH/g and 1.199 mgKOH/g, respec-
tively, which means that it adversely affected the properties
of the oil. From this it follows that adding any additives to
the used oil does not improve the properties of the oil, and
even makes them worse. The oil behaves as if it were the
higher mileage than it actually is.

1.6

m Used oil
= 14
~
5 12 ® Used oil and colloidal
ED 1o nanosilver 2,5 ml
E 0.8 Used Qil and colloidal
2 nanosilver 5 ml
£ 06
g m Used oil and silver
2 04 1 solution 2,5 ml
o
02 1 m Used oil and silver
0.0 solution 5 ml

Fig. 4. Basenumber of usedoil and usedoil with colloidalnanosilver and
silversolution

The base number for fresh oil (Fig. 5) is 3.907
mgKOH/g, while the addition of 2.5 ml and 5 ml of the
effective microorganisms in liquid form reduces the base
number to 3.606 mgKOH/g and 3.444 mgKOH/g, respec-
tively. As a result, such oil will require earlier replacement
with a new one, as its degradation will occur faster. The
higher the amount of this supplement, the more the acid
value is reduced.

42 M Fresh oil
4.0
m Fresh oil with EM
3.8 1 2,5 ml
3.6 - Fresh oil with EM
5 ml

3.4 A B Fresh oil with EM
3 pes

H Fresh oil with EM
6 pcs.

Base number (mgKOH/g)

3.2

3.0 -

Fig. 5. Base number of fresh oil and fresh oil with EM in liquid form and
ceramic tubes

The addition of EM to fresh oil in the form of ceramic
tubes causes an increase of the base number to the value of
3.962 mgKOH/g with the addition of 3 pieces of ceramic
tubes, while 6 pieces basically does not change the value of
the base number. In general, it is worth adding EM ceramic
tubes to the fresh oil and see how it reduces this number
during the operation of the combustion engine.

The addition of fresh colloidal nanosilver in the amount
of 2.5 ml and 5 ml to the oil resulted in a significant reduc-
tion of the base number to the value of 3.604 mgKOH/g
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and 3.7551 mgKOH/g, respectively, while the addition of
silver solution in the same amount as colloidal nanosilver
also reduces the base number, thus together to a value of
3.479 mgKOH/g and 3.731 mgKOH/g.

In this case, it should be noted that for both silver solu-
tion and colloidal nanosilver additions, a greater decrease in
the base number occurs with a smaller amount of this addi-
tive, a greater amount caused a smaller decrease in the base
number. Therefore, it is worth checking the addition of
silver ions to fresh oil with even more added to the oil than
in previous studies.

4.0 ® Fresh oil
3.9 4
3.8 1
3.7 1
3.6 1
3.5 4
3.4
33 4
32 -

B Fresh oil and colloidal
nanosilver 2,5 ml

Fresh oil and colloidal
nanosilver 5 ml

m Fresh oil and silver
solutioin 2,5 ml

Base number (mgKOH/g)

B Fresh oil and silver
solution 5 ml.

Fig. 6.Base number of fresh oil and fresh oil with colloidal nanosilver and
silver solution

6. Conclusion

The aim of the research was to test the effect of the ad-
dition of the effective microorganisms and silver solution
and colloidal silver on the base number of used and fresh
oil. Adding any amount of EM to the used oil worsens the
properties of the oil, reducing the already low base number,

although for three pieces of ceramic tubes the smallest
decrease occurs.

The addition of collidal nanosilver and silver solution to
the oil also does not favorably affect the value of the base
number. Only the addition of colloidal silver in the amount
of 5 ml causes a slight increase in the base number, but it is
not significant enough to improve the properties of the oil.
In general, adding any additives to the used oil does not
improve the properties of the oil, and even causes them to
deteriorate. The oil has parameters as if it were the higher
mileage than it actually is.

The situation is different in the case of adding EM and
silver to fresh oil, because the addition of effective micro-
organisms in the form of a liquid reduces the base number,
which will cause such oil to require an earlier replacement
with a new one because its degradation will occur faster.

The greater the amount of this addition, the number of
base lowers more. On the otherhand, adding EM to freshoil
in the form of ceramic tubes increases the base number of
freshoil, which may have an impact on the reduction of this
number during the operation of the engine. Too many tubes
does not have a positive effect on the value of this number.

Moreover, for the addition of silver solution and colloi-
dal nanosilver to the fresh oil, a greater decrease in the base
number occurs with a smaller amount of this additive,
a greater amount resulted in a smaller decrease in the base
number. Therefore, it is worth checking the addition of
silver ions to fresh oil with even more added to the oil than
in previous studies.

Nomenclature

TBN
TAN
EM

total base number
total acid number
effective microorganisms

HCI hydrochloric acid
KOH potassium hydroxide
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1. Introduction

Current-day emission standards for vehicles impose
strict limits of exhaust gas pollutants, inter alia, nitrogen
oxides. Selective catalytic reduction is one of the most
efficient methods of NO, reduction. A urea-water solution
(UWS) is sprayed into the flow of the exhaust gases, and
then the urea is decomposed to ammonia (NHj3), required
for further NO, conversion. Furthermore, diesel engines’
exhaust systems occupy a relatively large space and there-
fore, the maximum reduction of the size is highly desirable
[13, 15]. Modern design concepts comprise close-coupled
layouts that due to the minimised distance from the engine
enable a higher temperature to be attained in an aftertreat-
ment system, and thus, an increased efficiency of the cata-
Iytic conversion. These systems combine diesel oxidation
catalysts (DOC), UWS dosing and mixing devices, and
selective catalytic reduction coated on particulate filters
(SCRoF). However, a reduction in size causes shortening of
the UWS droplets’ flow paths and residence time, which
adversely affects ammonia generation [3, 15, 17]. Efficien-
cy of SCR is highly dependent on the uniformity of the
ammonia distribution at the inlet to the catalyst [10, 21].
Static mixing devices are commonly applied to enhance
UWS mixing and decomposition, and subsequently to pro-
vide a more uniform distribution of ammonia. Nonetheless,
significant compression of a system and a presence of mix-
ing elements favour liquid film deposition by spray-wall
interactions. Low temperature in the system walls may
decrease the UWS temperature below that required for urea
crystallisation and make the liquid film turn into solid de-
posits [20, 26, 27]. The occurrence of deposits is highly
undesirable as it leads to a gradual blockage of the SCR, as
well as adversely influences the mixing process [29]. On
the other hand, the interactions of the droplets with the
walls may have a positive effect via the occurrence of addi-
tional droplet breakup [23]; consequently leading to a re-

duced droplet size, improved dispersion and urea decompo-
sition as well as enhanced mixing [26, 28].

Another challenge for SCR systems is adaptability to
diverse exhaust conditions [21] and spray properties. As
shown in [11], one of the methods to significantly improve
SCR performance is to superheat the UWS prior to the
injection and hence, obtain different spray parameters. This
phenomenon, also known as flash boiling, reduces the size
of the droplets, increases the spray angle, improves the
droplets’ dispersion and lowers the particles’ velocity
[3, 30]. Consequently, water evaporation from the UWS is
intensified and the rate of urea decomposition is increased.
Therefore, the generation of ammonia and its uniformity are
improved, and the liquid film formation is reduced [11].

Numerical and experimental analyses of urea-mixing
devices have been presented in multiple studies, most of
which were aimed at enhancing ammonia generation and its
distribution in compact-sized systems, as well as mitigating
the risk of solid deposit formation. Park et al. [24] numeri-
cally determined the advantage of turbulent and swirling
flow in the mixing process of water spray instead of UWS.
The swirl-type mixers enabled the creation of large-scale
vortices and therefore, more uniform water distribution than
in the case of the small-scale vortex mixer. The authors
pointed out the importance of the distance available for the
droplets to ensure proper UWS mixing in view of the fa-
vourable effect of large-scale vortices. Tan et al. [28] nu-
merically investigated the impact of static mixers on turbu-
lent mixing, interactions of UWS droplets with the walls,
and water evaporation. The analysis showed a significant
acceleration of urea decomposition due to turbulence and
swirling motion, as well as to droplet breakup caused by
their collisions with mixing elements. The latter led to
a reduction of droplet size and hence the time required for
water to evaporate. Kapusta et al. [11] examined the influ-
ence of the injection of subcooled and superheated UWS
sprays on ammonia uniformity and liquid film deposition in
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an SCR system by numerical analysis. The subcooled spray
injection was characterised by droplet breakup due to spray
impingement on the mixer blades. The injection angle
played a significant role since the superheated UWS spray
was strongly deflected when the gas mass flow rate was
relatively high, and hence the droplets interacted intensive-
ly with the system’s wall. Nonetheless, according to their
results, even when increased interactions occurred, a lower
film deposition was achieved as a consequence of flash
boiling. The aforementioned spray blowing caused deterio-
ration of the ammonia distribution. Modification of the
injection angle prevented the superheated spray from inten-
sive contact with the system’s wall and improved the uni-
formity of the ammonia distribution. However, this process
deteriorated the NHj distribution when the subcooled spray
was deployed again. Thus, the authors concluded that the
injector location and inclination may require careful ad-
justment depending on operating conditions. The applica-
tion of a superheated spray along with an appropriate injec-
tion angle led to an increased uniformity of ammonia distri-
bution and a significant reduction of liquid film, which
minimises the risk of solid deposit development. The im-
portance of the injector’s location and its inclination in the
aftertreatment system with regard to a solid deposit for-
mation was pointed out by Li et al. [19]. Those parameters
were particularly meaningful in the cases of relatively low
flow temperatures. Otherwise, the general mixer design was
of primary importance. A numerical analysis from Zhang et
al. [29], partly validated by experiments, proved that certain
implementation of swirling and turbulent flow enables high
levels of both ammonia uniformity and velocity uniformity
right after the SCR inlet. This required the application of
complex mixing elements that were aimed to provide flow
changes and droplet breakup through splashing. Sadashiva
Prabhu et al. [25] indicated the importance of the mixing
zone length and location of the injector, which if properly
defined, may provide a higher amount of NH; at the cata-
lyst inlet. Their numerical analysis pointed out the ad-
vantages of an increased spray angle, namely enhanced
evaporation of water and a rise in ammonia concentration.
Additionally, according to the authors, an optimal angle
may lead to a reduction of liquid film deposition; while in
general, wider spray plumes result in increased film for-
mation. It is to be noted that increased spray angles are one
of the consequences of flash-boiling injections. Numerical
and experimental analysis conducted by Cho et al. [5] com-
prised multiple mixer layouts and decomposition pipes in
order to determine the uniformity of the ammonia distribu-
tion and the efficiency of the NO, conversion in the urea-
SCR system. The results proved that the application of
static mixers composed of blades significantly enhances
ammonia distribution and UWS decomposition due to tur-
bulent vortices. The turbulent flow was particularly advan-
tageous in terms of SCR performance if it occurred close to
the inlet of the catalyst. Moreover, the length of the mixing
system (decomposition pipe) played a crucial role. A rela-
tively short length impaired the UWS decomposition and
mixing, while an excessively long decomposition pipe was
exposed to heat loss and reduced the efficiency of the NOy
conversion in the SCR catalyst. A rise in the flow velocity

resulted in lower NO, conversion efficiency. However, the
system characterised by a higher uniformity of ammonia
distribution was less sensitive to changes in gas mass flow
rates. Lee [18] performed a numerical analysis of a marine
SCR system for various operating conditions and experi-
mentally validated the uniformity of the ammonia distribu-
tion. The working principle of that mixing device was
based on a partly reversed flow in the mixing zone to en-
hance the mixing process and increase the residence time of
the UWS droplets. In another study, Michelin et al. [22]
presented an innovative design for a mixing device for
close-coupled applications, based on a spiral gas flow along
with tangential UWS injection. The available distance for
the UWS decomposition was thereby increased while the
compact size was maintained. Their approach showed that
the application of blade-based or perforated mixers is not
the only way to achieve highly uniform ammonia distribu-
tion within a limited space. The design was free from de-
posit formation. The high-level performance was achieved
for both relatively low and large angles of spray plumes.
Huang et al. [10] analysed the liquid film and solid deposit
formation in a urea-SCR system by numerical simulations.
They optimised the mixing device for improved uniformity
of ammonia and velocity at the inlet to the SCR, as well as
for lower pressure drops. They achieved an improvement in
all considered criteria. Moreover, the design led to a re-
duced liquid film deposition. One of the conclusions was
that a rise in the number of mixing vanes can result in high-
er uniformity of ammonia distribution. Nonetheless, this
improvement was advantageous to a certain extent.
Lecompte et al. [17] presented a multistage experiment,
where the impact of additives in a UWS on deposit for-
mation and ammonia generation was evaluated in a close-
coupled system from a passenger car. Relatively low gas
mass flow rate and gas temperature caused an increase in
the mass of the solid deposits. The ammonia generation was
enhanced when the temperature increased.

According to the above studies, much emphasis has
been placed on increasing the exhaust system’s perfor-
mance while reducing its size to the maximum extent.
However, solid deposit formation in exhaust systems posed
a serious concern in most cases. None of those studies pro-
posed and evaluated a design based on the application of
a highly turbulent flow field without mixing elements and
complex geometry.

The aim of the present work is numerical verification of
the innovative mixerless urea-SCR system, to solve the
issue of low mixing space availability, minimise deposit
formation and provide uniform ammonia distribution for a
wide range of operating conditions and injection properties.

2. Methods

The performance of the mixing device was evaluated by
numerical simulations performed using AVL Fire™. The
main concept of the mixerless SCR system was the devel-
opment of a highly turbulent flow and large-scale vortices,
increasing the flow paths. Nonetheless, the flow was pre-
sumed to be adaptable for the Reynolds-averaged Navier-
Stokes (RANS) approach.

The numerical modelling of the spray was based on
a discrete droplet model (DDM) [6], in which droplets
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characterised by corresponding properties are grouped into
parcels. Each parcel is treated as a single droplet, while
droplets within a parcel are randomly dispersed. Groups are
then resolved by the Lagrangian approach; while the gas
flow field is treated according to the Eulerian approach.
This provides a significant reduction of computational time,
however it may lead to convergence issues if the mesh
resolution is excessively large [7]. The decomposition of
the UWS was modelled through Birkhold's approach [2],
according to which the water evaporates first. Once the
water mass fraction is less than 5%, thermolysis occurs
according to Eq. (1):

(NH,),CO - NH; + HNCO (1)

The system was numerically tested for conventional
(subcooled) and superheated UWS sprays. A flash-boiling
effect was simulated by an analogy to a subcooled spray,
which was based on the SCR-thermolysis evaporation mod-
el. Instead of modelling flash boiling, its implications in the
form of the changed spray properties were derived from the
experiments [12] and posed input data. According to [11],
where such an approach is presented, it results in high com-
pliance with the experiments. The same experimental data
was used [11] in the present study. Droplet-wall interac-
tions were characterised by the approach of Kuhnke [16],
which identifies four specific regimes. If the wall tempera-
ture is higher than approximately 110% of the droplet satu-
ration temperature, a rebound or a thermal breakup occurs.
The latter regime is reached if the impingement velocity is
high enough. This regime is particularly desired as it does
not contribute to liquid film deposition. Moreover, it pro-
vides a droplet breakup, which consequently enhances the
droplets’ surface area leading to faster urea decomposition
and improvement of the mixing process [26]. The size of
the entrained droplets was characterised by the model of
Kataoka et al. [14].

To properly determine the liquid film deposition in the
test system, a wall film module implemented in AVL Fire™
was applied [1]. The general rule was to determine the film’s
thickness based on its velocity, which in turn was derived
from the film’s shear force distribution. The approach pro-
posed by Kuhnke [16] was used to determine any splashing
effects, some of which could result in film occurrence. Water
evaporation and urea decomposition within the liquid film
were evaluated according to Birkhold's approach [2].

Catalytic converters were defined as porous zones,
where exclusively a longitudinal flow occurred. Any pres-
sure drop was specified by Forchheimer's formula [8]. The
pressure drop coefficients were calculated based on the
geometrical data with a reference to physical conditions.

2.1. Mixerless urea-SCR system

The present geometry was a close-coupled SCR system,
which consisted of a DOC, spray (middle) cone and
a SCRoF. The layout of the exhaust system is depicted in
Fig. 1. The spray cone was of particular interest since in
that part mixing of UWS droplets and products of UWS
decomposition with the gas flow occurred.

The main working principle of the proposed design was
the development of a highly turbulent and swirled flow in
the mixing chamber without any additional static mixing

elements. The injector was mounted behind the inlet to the
middle cone and it was inclined to extend a droplet path to
the impingement plate. The purpose of the impingement
plate was twofold. Firstly, it was aimed at providing sec-
ondary droplet breakup through the intense impingement.
Secondly, it allowed the minimisation of the temperature
reductions caused by spray-wall contact, which normally
leads to liquid film deposition, as reported in [20] and [26].
The impingement plate was made of a thin metal sheet and
was washed around the upper and the bottom side by ex-
haust gas. Thus, fast temperature recovery between the
injections was expected. The section view of the spray cone
and its characteristic regions is presented in Fig. 2.

Fig. 1. Geometrical model of the considered close-coupled SCR system

injection point primary injection zone

imingement plate

mixing chamber
Fig. 2. Section view of the middle cone

2.2. Numerical cases

To evaluate the performance of the mixerless urea-SCR
system, two operating points were considered. The mass flow
rates corresponded to low and high engine loads, namely
100 kg/h and 300 kg/h. The flow temperature was specified
to 250°C in all cases. The relatively low temperature allowed
the investigation of the liquid film deposition risk as accord-
ing to the studies of Grout et al. [9] and Shahariar et al. [26]
the lower the temperature of the gas flow, the more film is
developed. The exhaust gas was composed of air and NOj,
with the concentration specified at 150 ppm.
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Table 1. Considered cases and corresponding physical conditions

Case | Gas mass flow Gas temperature NO\ AT UWS. mass Injection time Nu'mb.er
per injection of injections
1 100 kg/h _ZOOC 333 mg 7.6 ms
2 +40°C
3 250°C 150 ppm 20°C 4
2 300 kg/h +20°C 9.99 mg 22.8 ms

The injection frequency was 4 Hz and the simulated in-
jection corresponded to the spray formed by a commercial
UWS injector (Bosch 0444025030). Therefore, the amount
of injected UWS and injection duration were determined in
accordance with the previous measurements [11, 12] and
the molar ratio from the equations of thermolysis (Eq. (1))
and hydrolysis (Eq. (2)):

HNCO + H,0 — NH; + CO, )

All the cases were tested for UWS temperatures corre-
sponding to degrees of superheat of —20°C and +40°C. The
degree of superheat AT was defined as the difference be-
tween the actual temperature of the UWS (Tyws) and its
saturation temperature (Tsyws), according to Eq. (3). The
UWS saturation temperature under standard conditions is
103°C [4], and this value was used to calculate the degree
of superheat.

AT = Tyws — Ts uws 3

According to the simulations’ results, large-scale eddies
were observed, and an entirely steady flow was unreacha-
ble. Therefore, the results were presumed to depend on the
starting point of the injection (namely on the flow condi-
tions when the injection starts), and only a few injections
were considered. Simulation of multiple UWS injections
would result in lower time dependence, however, this ap-
proach was rejected due to the substantial computational
time. Instead, a series of four injections were simulated at
three different starting points. The offset between the fol-
lowing starting points was specified to 0.5 s, and it was
presumed in order to avoid the results’ correlation with the
large-scale-vortex fluctuations. All the considered cases are
presented in Table 1.

The mesh for the numerical analysis was generated in
AVL FIRE™ M software and consisted of polyhedral and
prism elements. The basic cell size was specified at 6 mm.
The primary injection zone, where the highest number den-
sity of spray droplets occurred, was meshed with 5 mm-
sized cells. The surface cell size on the impingement plate
was reduced to 3 mm as the accuracy of wall film model-
ling greatly depends on the mesh resolution in the im-
pingement zone and the adjacent wetting regions.

3. Results and discussion

The performance of the mixerless SCR system was
evaluated by numerical methods. In order to confirm the
versatility of the design, two operating points were consid-
ered, each of them characterised by the two diverse types of
UWS injections: conventional (subcooled) and superheated.
The exhaust gas flow was characterised by periodic break-
downs despite the constant mass flow rate.

Fig. 3. Velocity fluctuations presented by flow velocity vectors — three
particular layouts, mass flow rate: 300 kg/h

The flow was accelerated in the constriction, then ex-
panded in the mixing zone where it was decelerated, and
the streamlines were curled due to geometrical constraints.
Throughout most of the simulation time, the flow was split
into two main swirl zones: one in the back, and the other
located upstream of the SCR inlet (Fig. 3a). However, the
flow entering the mixing chamber was gradually deflected
backwards, and the frontal swirl motion was diminished
(Fig. 3b), until a breakdown occurred (Fig. 3c). Then, the
flow was rapidly deflected forwards and returned to the
initial state, demonstrating strong fluctuations. This indicat-
ed that the LES approach would be more appropriate to
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fully recognise these effects. However, at this point, due to
computational limitations and the need for initial evaluation
of the concept, the studies were continued with the RANS
method.

The application of the mixing chamber and the related
swirling nature of the flow were intended to result in some
strong turbulence. The turbulence kinetic energy in the
mixing chamber at three particular simulation times
(Fig. 4), corresponding to the velocity fields presented in
Fig. 3, confirmed the occurrence of large-scale vorticity. In
reference to the order of magnitude of the flow velocity
(101 m/s), the turbulence kinetic energy was substantial,
which enabled the prediction of the high-level mixing effi-
ciency of the presented design.

Fig. 4. Turbulence kinetic energy, mass flow rate: 300 kg/h; a. prevailing
layout, b. flow breakdown, c. flow recovery

Since the flow field was subjected to fluctuations, each
of the cases was evaluated thrice. Namely, with different

delays until the first injections were considered; each of
them was characterised by a 0.5 s offset.

One of the key factors influencing the performance of
SCR systems is liquid film occurrence. It leads to a solid
deposit formation and may substantially lower NO, conver-
sion efficiency. Therefore, one of the evaluated quantities
was the total mass of liquid film developed inside the whole
system. The individual results for all the subcases of the
100 kg/h and 300 kg/h cases are presented in Fig. 5 and
Fig. 6, as follows.

En 0.8 mean: 0.653 mg

z

s 0.6

=

g mean: 0.0 mg

=04

=

= 2 o2 g

3 02 S 9o 9
S S S

0.0 -

+0.0s +0.5s +1.0s

+0.0s +0.5s +1.0s

BAT: -20 °C BAT: 440 °C

Fig. 5. Total liquid film mass at a gas mass flow rate of 100 kg/h, all
subcases listed
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Fig. 6. Total liquid film mass at a gas mass flow rate of 300 kg/h,
all subcases listed

The resulting values indicated a relatively low liquid
film mass inside the system. An increased gas mass flow
rate led to a rise in film mass, which resulted from in-
creased injection time and hence a longer time when the
droplet-wall collisions occurred. The liquid film was ob-
served mostly on the plate due to intense local cooling
caused by liquid impingement. It particularly concerned the
subcooled injection characterised by a narrower spray
plume and higher impingement velocity. The constriction
above the mixing chamber caused intensified droplet-wall
contacts. However, no film was formed there because of the
high droplet dispersion and low degree of local cooling.
Trace amounts of the film were deposited in the mixing
chamber and near the injector. The latter resulted directly
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from the design’s features. The close distance from the
nozzle to the wall led to some interactions of the smallest
droplets and additionally, the low flow velocity in this re-
gion intensified the deposition. Those trace amounts of wall
film prevailed in the case of flash-boiling injection and high
gas mass flow rate, where no film occurred on the plate.
The lowest observed temperature in the vicinity of the up-
per surface of the impingement plate after the start of the
injection (ASOI) for various UWS conditions and the high-
est gas mass flow rate is presented in Fig. 7. The decline of
the local temperature in the case of the subcooled injection
was much higher than for the superheated injection. The
superheated spray was characterised by a reduced droplet
size and increased spray angle. The smaller droplets were
then shifted farther downstream and were more dispersed,
which influenced the lower temperature drops. It is to be
noted that droplet-plate collisions started later in the case of
the flash-boiling injection as the droplet velocity was lower.
Therefore, the maximum temperature drop in the case of
the superheated-liquid injection occurred approximately
29 ms ASOI, compared to 10 ms ASOI for the conventional
injection. The distribution of the temperature corresponded
to the locations of the droplet-wall collisions and wetting
regions, as well as to the liquid film deposition, which is
consistent with the analysis of Li et al. [19]. Consequently,
the application of the flash-boiling injection resulted in
a total reduction of the liquid film in low-mass-flow rated
conditions and a substantial reduction for the higher mass
flow rate (Figs 5-6).

Fig. 7. The local temperature in the vicinity of the impingement plate

mapped on its surface at the time of the maximum temperature drop, mass

flow rate: 300 kg/h; a. subcooled spray, 10 ms ASOI; b. superheated spray,
29 ms ASOI

Since ammonia is a reducing agent for NO, compounds
in SCR systems and its uniform distribution is crucial for
the high performance of those systems, the quality of mix-
ing was assessed based on the dispersion of NHj; approxi-
mately 10 mm from the SCR’s inlet (inside the porous
medium). The uniformity was described by the uniformity
index of ammonia distribution Ulyy,according to Eq. (4):

_Z |ci nm, — g | - A
2 cyp, 2 A

where: Ajwas a surface of a given mesh element; cyy, was
the mean NHj concentration; and c; yy,Was the concentra-
tion of NH; in the corresponding mesh element.

The resulting values of the ammonia uniformity index
are presented in Fig. 8 and Fig. 9 for the cases of 100 kg/h
and 300 kg/h gas mass flow rates.
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Fig. 8. Ammonia uniformity index at a gas mass flow rate of 100 kg/h,
all subcases listed
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Fig. 9. Ammonia uniformity index at a gas mass flow rate of 300 kg/h,
all subcases listed

Despite the lack of mixing elements, the uniformity of
the ammonia distribution reached an excellent and compa-
rable level regardless of the gas mass flow rate. Firstly, the
flow in the mixing chamber was subjected to intense turbu-
lence and streamline deflections according to the predic-
tions. Streamlines of the exhaust gas flow are presented in
Fig. 10.
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Fig. 10. Velocity streamlines inside the middle cone at a gas mass flow
rate of 300 kg/h

Secondly, the inclination of the injector and the swirl
motion in the mixing chamber significantly increased the
length of the droplets’ paths to reach the impingement plate
and the porous medium, respectively. Since the UWS resi-
dence time was increased, water could evaporate to a higher
extent and the urea conversion efficiency was increased.
Another reason for high ammonia uniformity at the inlet to
the SCR was a substantial reduction in droplet size caused
by impingement on the top surface of the plate (Fig. 11).
Location of the plate and local gas velocity favoured
a relatively high impingement velocity. Consequently, the
spray-wall interaction regimes corresponded to splash and
thermal breakup for the subcooled spray, while rebound and
thermal breakup for the superheated spray followed Kuhn-
ke’s description [16], which allowed for droplet breakups.
Smaller droplets led to improved water evaporation and
urea decomposition. Thus, the ammonia generation and
mixing were enhanced.

Fig. 11. Spray impingement, subcooled injection; a. 10 ms ASOI, droplet
size scale: 10; b. 29 ms ASOI, droplet size scale: 15

Ammonia dispersion was improved by flash boiling,
particularly in the case of a low gas mass flow rate. When
the gas mass flow rate was increased, improvement of the
ammonia uniformity by flash boiling was marginal. It re-
sulted from strong spray interactions with the gas, and thus
the droplets were transferred onto the walls. Since the size
of the droplets was reduced, the surface-to-volume ratio
was increased making the droplets more sensitive to the
aerodynamic drag. The droplets quickly exchanged momen-
tum with the exhaust gases and changed their trajectories.
However, the size reduction also shortened the time re-
quired for the UWS to decompose and finally, the ammonia
uniformity after the SCR’s inlet remained at a similar level.

Actually, the presented mixing device was characterised
by a high performance in the case of both conventional and
flash boiling UWS injections. The latter was particularly
advantageous for low engine-load conditions. Nevertheless,
the system was universal, and provided high mixing regard-
less of the UWS temperature.

4. Conclusions

The results obtained during the numerical simulations
showed that the system was characterised by the large-scale
vortices in the turbulent flow. To fully recognise these
unsteady changes and verify the results obtained with the
RANS approach, the LES (large eddy simulations) method
should be applied. Thus, the results presented here should
be considered as an initial evaluation of the newly present-
ed concept.

The simulations performed suggested that it is possible
to reach high uniformity of ammonia concentration before
the inlet to the SCR catalyst at a significantly limited dis-
tance, without implementing static mixing elements into the
middle cone. High mixing efficiency has been achieved by
generating a very turbulent flow in the mixing zone. The
developed flow field also allowed only a very low liquid
film deposition, despite the relatively low temperature of
the exhaust gas. This was caused by the initial flow acceler-
ation, which favoured the transport of the injected or
splashed droplets into the mixing chamber, and subsequent
turbulent mixing. Moreover, numerical simulations showed
a significant reduction of the total wall film in the case of
increased temperature of the injected UWS causing the
flash-boiling phenomenon. The system operating under
such conditions was characterised by a significant reduction
of the risk of the deposits’ formation. In the case of both
subcooled and superheated liquids, it was possible to reduce
the cooling of the system walls caused by the spray-wall
interactions, as well as to enhance the consequent tempera-
ture recovery of the wetted walls. This effect was achieved
by implementing a thin impingement plate (resulting in
relatively low volume and large surface), which was located
so that the hot gases washed it from both sides.

The CFD calculations suggested that the tested system
is able to work effectively at a wide range of operating
points. For both mass flow rates of 100 and 300 kg/h, high
uniformity of ammonia after the inlet to the SCR catalyst
was achieved due to intensive turbulent mixing and second-
ary breakup caused by droplet-plate collisions. It was found
that the device ensures excellent operation under the condi-
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tions of a subcooled-liquid injection and when the flash-
boiling phenomenon occurs.

The prototype mixing system has compact dimensions,
thanks to which it is possible to mount DOC and SCR cata-
lysts close to each other in accordance with the trend of
close-coupled systems. Moreover, the internal structure is
considerably simplified compared to most of the systems
which implement static mixing devices.

The presented concept of the mixing device in the SCR
system has features that offer potential improvements to the
currently used systems. However, to obtain a complete
picture of the functioning of the device, further research
using the LES approach and the creation of an actual proto-

type, which would enable experimental tests and the verifi-
cation of the system’s performance, are necessary.
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' element Tyws  temperature of UWS
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1. Introduction

Gas microturbines are engines used to convert fuel en-
ergy into mechanical and/or thermal energy. These devices
are used in locations where waste fuel is generated (de-
scribed by Chitrarth Lav and Raj Kumar Singh [1]), as
emergency electricity generators for hospitals, as a power
drive for drones and even cars (Jaguar C-X75 or Pininfarina
H600), etc. In the near future, it is expected that gas micro-
turbines applicability will grow substantially. This expecta-
tion is related to the multiple advantages of microturbines.
It has a compact design, high power to mass ratio, limited
number of rotating parts, low noise pollution level, low
vibration level, high potential for the use of various fuel,
etc. [1].

Since few decades, more restrictive environmental regu-
lations are being enforced and gas turbine producers are
forced to maintain the agreement between efficient and
clean combustion. The major pollutants are the nitrogen
oxides (NO,) and carbon monoxide (CO). The main engi-
neering objective of this work is to elaborate a new type of
combustor solution that could be adopted to energy devices.

The use of the gas microturbine considering emission
regulations leads to the development of new types of com-
bustor for gas microturbines. This paper investigates
a novel concept of combustor for gas microturbine equip-
ped with an internal exhaust gas recirculation system. The
exhaust gas recirculation system is often applied to piston
combustion engines and to power industry gas turbines. The
recirculation system may be realized by adding a pipe sys-
tem permitting to transfer a part of the exhaust gases into
the inlet of the power device. This solution is often called
the External Flue Gas Recirculation (EFGR). Another re-
circulation system may be based on transferring part of the
exhaust gases from the end of the combustion zone, in
power device combustor, to the combustion zone. This is

called Internal Flue Gas Recirculation (IFGR). The role of
recirculating exhaust gases is to reduce the temperature
peaks and its gradients, which have a direct impact on the
reduction of thermal NOXx. In this paper, a gas microturbine
combustor equipped with a novel IFGR system is investi-
gated numerically. The current paper describes the numeri-
cal investigation of the above-mentioned design solution.

Numerical methods are often used in order to verify and
optimize design solutions. The works of Sarlej et al., Chen
and Liu, Liu et al., Kim et al. and Huang et al. were orient-
ed on the combustion investigation of the burner and were
performed using numerical tools [2]. In the work [3] the
influence of the heat supplied into the combustor of the gas
microturbine GTM-120 on the aerodynamics of the flow
through the combustor was numerically investigated. The
work presented a cold flow analysis and the combustion
was not simulated in the combustor. The authors underline
that the applied RANS k-epsilon model gives accurate
results.

The work [4] describes a numerical simulation of the
combustion chamber of the gas microturbine GTM-140.
The authors used the RANS k-epsilon turbulence model,
the non-premixed combustion model and the Discrete Ordi-
nates radiation model. The obtained flow and combustion
parameters were compared with the experimental data. It
permitted to validate the mathematical models used to per-
form the simulation.

The work [5] presented a numerical investigation of the
influence of the reference area on the velocity profile, tem-
perature field, mixing process and the flame behaviour, in
a gas microturbine combustor. The authors used the Shear
Stress Transfer turbulence model, the P-1 radiation model
and the Eddy Dissipation model for the combustion. The
results were compared with the calculation methodology
presented by Lefebvre and performed in GateCycle pro-
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gram. The results from the simulation and from the
Lefebvre calculation methodology were similar. This work
shows that the use of various methods (simulation and
calculation methodology) permitted to investigate phenom-
ena without using real devices.

In the work [6] a flow with combustion processes occur-
ring in gas turbine was investigated. The numerical results
were compared with experimental results, and many of the
performed simulations were accurate. The work presented
many combustion models (Eddy dissipation model, Finite-
rate chemistry model, Flamelet model, Burning velocity
model, Extended coherent flame model, Monotone inte-
grated LES, and Linear eddy mixing model). In this work,
the Flamelet model appears to be an interesting solution to
simulate the combustion processes in gas turbine. This
model permits to get an accurate temperature and species
field using a detailed chemistry, while having shorter calcu-
lation time than other more complex combustion models.

In the work [7] the KJ66 gas microturbine combustor
was simulated. In this work, the steady flamelet model with
a reduced mechanism of 63 species and 167 reactions (ker-
osene fuel) was used. In terms of the combustion model-
ling, the temperature field at the outlet of the combustor
was in agreement with the experimental results.

Novelty of the current paper is based on introduction of
a totally new concept of recirculating exhaust gases by
adding an autonomous pipe system directly inside the com-
bustor. In previous research the recirculation process was
realized by the vortex generation but not by adding a pipe
system.

This study aims to perform a numerical investigation in
order to assess the ability to obtain an autonomous exhaust
gases recirculation and analyze its impact on the combus-
tion processes and work parameters of the gas microturbine
combustor.

2. Case study combustor and operating conditions

A referential combustor was designed to be suitable for
microturbine application. It has a nominal power of around
40 kW and it is fired with methane. The designed combus-
tor calculated work parameters are listed in the table 1,
while the characteristic cross sections of the gas micro-
turbine are shown in Fig. 1. The scheme of the referential
combustor is presented in Fig. 2.

Table 1 The referential gas microturbine and combustor work parameters

Parameters H 1 2 3 4
p*[Pa] | 101325 | 99298 | 324992 | 311992 -
p [Pa] 101325 | 90918 | 306584 | 301133 | 101325
T [K] 288 288 433 1185 -
T [K] 288 280 426 1175 -
c[m/s] 0 120 120 155 -80
co = 48741073 % 1 = 0.251%

The main objective of this investigation is to check the
possibility to design an autonomous IFGR system applied
to gas microturbine combustor. The main technical issue is
that the exhaust gases are transferred to a combustor region

representing higher pressure. The proposed novel combus-
tor design takes this fact into account.

Fig. 1. The cross sections available for the analysed gas microturbine

Fig. 2. The scheme of the referential combustor in 3D model

Investigation of the IFGR system applied to the gas mi-
croturbine was divided into three major concepts of the
modified referential combustor.

The first modified combustor (Case A) is presented in
Fig. 3 with this IFGR system concept. Additional IFGR
pipes are connected to the existing mixing tubes in the
vicinity of their outlets. The idea behind this concept is to
redirect part of the exhaust gases into the fresh air-fuel
mixture.

Fig. 3. Modified combustor (Case A)
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The second concept of modified combustor (Case B) is
presented in Fig. 4. In this IFGR case, additional pipes are
installed outside of the liner which permits to transfer
a portion of exhaust gases from the outlet of the combustor
into the combustion zone, located at the beginning of the
liner. The third combustor concept (Case C) is presented in
Fig. 5. This IFRG solution consists of adding a pipe con-
nected to the base of the mixing tube. The internal channel
of the mixing pipe is shaped as a venturi tube, which per-
mits to generate sufficient under pressure acting as a driv-
ing force able to direct the exhaust gases and mix them with
air in the mixing pipe.

Fig. 4. Modified combustor (Case B)

Fig. 5. Modified combustor (Case C)
3. Numerical methods

3.1. Computational domain grid system

The three-dimensional geometry was created using Sol-
id Edge and Ansys preprocessor [8]. Computational domain
is shown in Fig. 6. Mesh is one of the most important fac-
tors in the simulation of the combustion chamber. To re-
solve the major flow properties, the tetrahedral cell system
is often created. It was previously proven that this meshing
solution is successful in case of gas microturbines combus-
tors [3—7]. This kind of element permits to fill a complex
geometry, while keeping correct values of quality parame-
ters (skewness, orthogonality and aspect ratio). Recently,
the polyhedral cell mesh was intensively developed and
then analyzed. This kind of cells are considered to give
relatively good results, similarly to the tetrahedral elements,

while obtaining elements with better quality parameters [9—
11]. Finally, the polyhedral mesh with a maximum cell
length of 0.8 mm was selected for this study. The volume
mesh was improved by selecting the value of 0.45 for the
cell quality limit (desired orthogonal quality). Additionally,
boundary layers were generated in order to not exceed the
Y+ value of 300. Table 2 shows the quality parameters of
the obtained mesh system.

Table 2. Quality parameters of the meshes

Case Number of Maximum | Maximum | Minimum
cells aspect ratio | skewness | orthogonal
[millions] quality
Reference 5.8 38.3 0.895 0.435
Case A 6.3 93.2 0.899 0.420
Case B 7.0 35.8 0.900 0.432
Case C 6.4 62.0 0.895 0.200

Fig. 6. External view of the computational domain (the external view is
similar in all cases)

3.2. Mathematical model

The mathematical model used here is based on the
commercial CFD code Ansys FLUENT [12]. Simulation of
the following processes occurs in the combustor: turbulent
flow, gas phase combustion and radiative transport.

Realizable k-¢ model [13, 14] was used as a closure of
the turbulent Reynolds equations. The realizable k-¢ model
is relatively widely used for engineering applications and
provides better performance in many industrial turbulent
flows than the standard k-¢ model. The enhanced wall
treatment was enabled. This model permits to resolve the
flow when the value of Y+ is less or equal to 1, or to apply
the enhanced wall function if the value of Y+ is greater than
1. This wall treatment is a good compromise in the case
when the phenomena arising at the wall do not have a cru-
cial impact on the general flow properties, like in our case.

In case of combustion in furnace problem, radiation is
not only the dominant energy transport mechanism but also
one of the most complex problems. A Discrete Ordinates
method [4, 14] was used to evaluate the radiative heat trans-
fer. In a typical combustion chamber, H,O and CO, are the
main gaseous absorbers and emitters of radiant energy. The
total emissivity of gas is calculated by a number of gray
gases using polynomial correlations for weighing factors
and absorption coefficient according to Weighted Sum of
Grey Gases method [14]. Widely employed coefficients for
emissivity [15], fitted from the benchmark exponential
wide-band model, have been used in this work. The
WSGGM represents the entire spectrum with three gray
gases having uniform absorption coefficients. The total gas
phase absorption coefficient is calculated from the total

COMBUSTION ENGINES, 2021, 187(4)

23



Numerical investigation of the internal flue gas recirculation system...

emissivity with the mean path length calculated from the
characteristic cell size. The wall emissivity was set to unity,
which is a typical recommendation in gas microturbine
combustor simulations [16].

The non-premixed steady diffusion flamelet model [17]
was used as a general concept for treating the interaction
between turbulence and chemistry in flames. The assump-
tion is that turbulent diffusion combustion processes can be
described as an ensemble of discrete, steady laminar
flames, called flamelets. These flamelets are similar to
opposite laminar diffusion flames and can be calculated
using detailed chemical mechanism, which means that
kinetic effects play an important role here. This formulation
also takes into account local turbulence effects via strain
rates. Thus, with flamelets, the results are not only depend-
ent on the local mixture of fuel and oxidizer and enthalpy
levels, but also on the local turbulence. Based on the flame-
let, a look-up pdf table is generated

The flamelets were created on the base of the detailed
GRI-MECH 3.0 mechanism [18]. This is a 53 species
mechanism with 325 reactions created to model the com-
bustion process of methane. Firstly, the Grimech 3.0 mech-
anism and thermodynamic files were downloaded from the
Berkeley website [18]. These files were introduced into the
Fluent software using the non-premixed steady diffusion
flamelet model first dialog window. Then, the fuel was
modelled as pure methane and the air was simplified to
23% mass fraction of oxygen (0O,) and 77% mass fraction
of nitrogen (N,) (these parameters were selected in the
second dialog window). Finally, based on these files and
fuel/oxidizer parameters, the flamelet and the pdf look-up
table were generated, according to the Fluent software pre-
defined parameters (in the next dialog windows). The use
of the pdf look-up table is an interesting method for com-
bustion modeling, because the physical and chemical pro-
prieties (such as density, temperature and species mass
fraction) of the flow are determined based on this table and
some parameters, such as local mean mixture fraction and
its variance, the scalar dissipation and the mean enthalpy,
which are calculated. Once this process is achieved, the
turbulent combustion model is ready to perform calcula-
tions in the fluent software.

Boundary conditions are discussed below. Inlet: exper-
imental data at the entry are used. Outlet: it is assumed that
in case of the exit plane normal to the x-direction, the gra-
dients of all variables except pressure are zero. Values of x-
velocity at the exit are initially assumed to be the same as
those immediately upstream of the exit plane and subse-
quently scaled appropriately to satisfy the overall mass
conservation. Hence, at the exit plane it may be written as
(Op/ox)exit = 0. Wall: at the wall, no slip condition is ap-
plied and the values of velocity components are set to zero.
The flow near the wall is influenced by molecular viscosity
rather than by turbulence. The wall function method of [19]
uses algebraic formulations to link quantities at the wall to
those further away. The boundary conditions were imple-
mented as described in the next Table 3.

The spatial discretization was of the second order [4],
with a pressure-velocity coupled method and the pseudo-
transient approach [20]. The pressure based solver was used.

Table 3. Implemented boundary conditions

Designa- Type Parameters
tion of the
boundary
condition
Air inlet Mass Flow | Mass flow = 0.251 kg/s | Turbulent
Inlet Intensity = 15 % | Turbulent Viscosity
Ratio = 10 | Total Temperature =
433.834 K | Mean Mixture Fraction = 0 |
Mixture Fraction Variance = 0
Fuel inlet Mass Flow | Mass flow = 0.004874 kg/s | Turbulent
Inlet Intensity = 15% | Turbulent Viscosity
Ratio = 10 | Total Temperature = 300 K |
Mean Mixture Fraction = 1 | Mixture
Fraction Variance = 0
Exhaust Pressure Static Pressure = 0 Pa | Turbulent Inten-
Outlet sity = 15 % | Turbulent Viscosity Ratio =
10 | Backflow Total Temperature = 300
K | Mean Mixture Fraction = 0 | Mixture
Fraction Variance =0
Wall Wall Stationary Wall | No Slip | No Heat
Exchange | Internal Emissivity = 1 |
Opaque Wall | Diffuse Fraction of Radia-
tion = 1
Operating - Operating pressure = 301133.803 Pa |
conditions Gravity off

4. Results and discussion

The combustors can be characterized using various pa-
rameters. In this study, the ability to perform the autono-
mous exhaust recirculation was analysed. The impact of
this IFGR system implementation on the pressure drop was
assessed and the influence on combustion processes will be
evaluated by the analysis of temperature fields and evolu-
tion of CO and NO, emissions.

4.1. Ability to recirculate exhaust gases

In this section the numerical simulation results of the
three cases are discussed. Numerical simulations prove that
it is possible to perform an autonomous exhaust gases recir-
culation inside gas microturbine combustor at a maximum
global rate of 0.51% and that the recirculation system has
an impact on the combustion processes without significant-
ly modifying the combustor work parameters. Figure 7
shows the calculated air mass flows and recirculated ex-
haust gases across the mixing pipes for different cases.

Based on the performed simulations, the recirculated
exhaust gases mass flows in each combustor case were
performed. IFGR ratios were calculated following the defi-
nitions given by equations 1 and 2. The parameter IFGR%
refers to the ratio of the recirculated exhaust gases mass
flow to the air mass flow passing across the mixing pipe,
while the parameter IFGR%* refers to the ratio of the recir-
culated exhaust gases mass flow to the exhaust gases mass
flow leaving the combustor. The table 4 represents the
calculated ratios.

Recirculated exhaust gases mass flow [kg/s]-100

IFGR% = ey

Air mass flow passing across the mixing pipe [kg/s]

Recirculated exhaust gases mass flow [kg/s]-100

Exhaust gases mass flow leaving the combustor [kg/s]

24

COMBUSTION ENGINES, 2021, 187(4)



Numerical investigation of the internal flue gas recirculation system...

b)
__ 1.40E-03 Case C
= n
v~
a2 ¥
£ = 1.20E-03
x 2
e
-2
2 s 1.00E-03
O
§ g Case A Case B
£ & 8.00E-04
O @
< 3
o
® 6.00E-04

Fig. 7. a) Air mass flow across the mixing pipes, b) Recirculated exhaust gases

Table 4. The IFGR ratio

Case IFGR% IFGR%*
Reference 0 0
Case A 231 0.29
Case B 2.50 0.32
Case C 6.85 0.51

The IFGR ratio is the most significant in case C (Table
4) with the value of 0.51% for IFGR* and around 6.85% for
IFGR. In cases A and B the IFGR ratios are comparable
having values of around 0.29% and 0.32% respectively and
2.31% and 2.5% for IFGR*. The difference between each
case is due to design differences. In the cases A and B, the
recirculation of the exhaust gases is accomplished by creat-
ing a pressure difference between the collection and injec-
tion locations. The difference between the total pressure (in
the location where the exhaust gases are collected) and
static pressure (in the location where the exhaust gases are
released) is utilized.

In the last case (C), the recirculation of exhaust gases
was driven not only by the total-static pressure difference
but also by an additional pressure difference generated by
the venturi implemented into the mixing pipe (Fig. 5). On
the other hand, due to the fact that the recirculating pipe in
the case C has a higher diameter (6 mm) than in the cases A
(3 mm) and B (4 mm), the axial velocity of the recirculated
exhaust gases (10 m/s) is smaller than in the others cases A
(22.95 m/s) and B (16.13 m/s). Each of the three IFGR
cases was designed in a way to obtain the greater mass flow
of the recirculated exhaust gases.

In the case A, the recirculation velocity is the highest
and this is a desired phenomenon because the recirculated
part of the exhaust gases permits to cool the IFGR pipe
passing across the combustion zone. In the case B, the re-
circulating velocity in the IFGR pipe is not as important as
in the case A, because this pipe is located in the cool part of
the combustor; the pipes are located between the liner and
the external housing of the combustor. In the last IFGR case
(C), as in the case B, the recirculated exhaust gases velocity
is not of crucial importance, because the IFGR pipe is con-
nected to the mixing pipe inside of the liner, a location
which is out of the major combustion zone.

Summarizing the IFGR system solution cases, one must
notice the fact that case C procures the higher IFGR ratio

while having the lowest recirculation velocity in the IFGR
pipe. The case A presents the totally inversed parameter
compared to the case C. The case B is an intermediate case
in terms of mass flow and velocity of recirculated exhaust
gases. The design of the IFGR systems in the cases B and C
permits them to have lower recirculating exhaust gases
velocity without exposing the IFGR pipe to overheat. Tak-
ing into account the mass flow and the design safety (in
terms of overheat), the designs presented in the cases B and
C seem to be the most appropriates.

4.2, Impact of the IFGR system on the pressure drop

Another parameter taken into account during the analy-
sis of the IFGR concept is the total pressure drop in the
combustor. Table 5 presents the total pressure drop in each
case, calculated with equation 3.

Ap* = P2B3 . 100 3)

P2

Table 5. The total pressure drop in the combustor

Case Ap* [%]
Reference 10.00
Case A 10.12
Case B 10.49
Case C 10.78

It was observed that the smallest total pressure drop is
ensured in the referential combustor (10%). This fact is not
surprising, because in the IFGR cases were introduced extra
IFGR pipe systems, sources of additional flow resistance.
The case A has a total pressure drop equal to 10.12%, in the
case B it is equal to 10.49% and in the case C it is equal to
10.78%. Being strict in terms of the values, the most advan-
tageous IFGR case is the case A. Taking into consideration
the fact that the total pressure drop rises just around 0.78%
and the fact that the cases B and C ensure the higher mass
flow of the recirculated exhaust gases, it may be considered
that the best cases to be taken into consideration are still the
cases B and C.

4.3. Impact of the IFGR system on the temperature field

The static temperature homogeneity in the combustor
was described in the first part of this section. Differences in
the temperature field in the studied cross section were visi-
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ble in each case (Fig. 8). In the referential case, a hot-spot
near the outlet of the mixing pipes and near the liner inter-
nal perimetrical wall can be observed.

Fig. 8. Static temperature [K] field comparison

In the case A, the temperature field with a more homo-
geneous gradient around the mixing pipe outlet can be
noticed and the hot-spots are still present near the liner
internal perimetrical walls (Fig. 8). This least hot-spot is
even larger than in the referential case. Observations prove
that the presence of the exhaust gases in the combustion
zone affects the combustion process and thus the tempera-
ture field.

In case B, the recirculation system permits to inject a
stream of exhaust gases in the top central part of the liner.
This enhances a more homogenous temperature gradient in
the vicinity of the mixing pipes outlets, but just in the cen-
tral part of the liner. In the top internal wall close to the
liner an important hot spot can be noticed. The presence of
this hot spot is comprehensive in terms of the recirculated
part of exhaust gases entering the central location of the
liner and not in the perimetrical location of the liner. Near
the liner internal perimetrical wall in the second part of the
liner, as in the previous case (referential and A), there is a
hot-spot. These observations are presented in Fig. 8.

In the last studied case (C), the part of the recirculated
exhaust gases is moved into the combustion zone by the
mixing pipe, like in the case A, but with the highest mass
flow of exhaust gases. This phenomenon affects the com-
bustion zone in the top part of the liner. The temperature
gradient is the most homogeneous compared to the others
cases. This is the most advantageous effect in terms of the
temperature field gradient in the top location of the liner.
This effect is less intensive in the second part of the liner.
Near the internal perimetrical walls the hot spot is present,
as in the others cases, but it is smaller. This description
permits to remark that the case C presents the best particu-
larities in terms of the temperature field gradient. The de-
scribed case C is presented on Fig. 8.

Summarizing the above analysis, the case C has the
strongest impact on the temperature field. Cases A and B
are less affected by the recirculated exhaust gases. This is
linked to the mass flow of the recirculated gases and its
injection location. According to the descriptions performed

above, the temperature field gradient is more homogeneous
in the locations where the recirculated gases are injected.

It was shown that each of the obtained mass flow of the
recirculated exhaust gases is sufficient to affect the com-
bustion processes. The fact that the temperature field is
more homogeneous isn’t necessarily equivalent to the re-
duction of the peak temperature. It may happen that the
average temperature in the combustion zone may rise. Even
with a higher temperature peak it may result in more homo-
geneous combustion (lower temperature gradient).

According to the performed visual analysis, the most
homogenous temperature field is in the case C. The temper-
ature field homogeneity increases from the reference case
to the case C. This visual analysis is supported by the value
of the static temperature uniformity index related to the area
(equation 4). In the reference case the static temperature
uniformity index related to the area is 0.7495, for the case
A it is 0.7499, for the case B it is 0.7518 and for the case C
it is 0.7579. The static temperature uniformity index is
similar in all cases and is around 0.75. This analysis is
performed just on one selected plane. While computing the
static temperature uniformity index related to the mass
(equation 5) in the whole 3-D computational domain, all
cases have a value of 0.69. Exception is the case B, for
which the value is 0.68. This exception is linked to the fact
that the IFGR system consists of a set of six pipes located
between the liner and the external housing. It indicates that
the IFGR system doesn’t effectively impact the global static
temperature homogeneity in the combustor.

_ ZiN=1[(|Tfacei_Taverage |)'Ai]
Z'Taverage'Z{il[Ai]

Ulplane =1

area

“

_ ZiN=1 [(chelli_TaveragemaSS D'(Vi'Pi)]
2'Taveragemass 'Z]i\1:1[vi'Pi]

volume _
Ulmass =1

&)

The above study dedicated to the static temperature ho-
mogeneity permits to remark that the implementation of the
IFGR system has a local impact on the combustion process-
es and temperature homogeneity, but the global effect,
inside of the whole combustor, is less visible.

In the second part of this section, the evolution of the
maximum static temperature in the combustor will be dis-
cussed.

Figure 9 shows that the maximum static temperature in
the combustor increases from the reference case to the case
C. This phenomenon originates from two facts. The first
fact is that the IFGR system impacts the equivalence ratio
in the combustion processes. This equivalence ratio modifi-
cation may provoke the apparition of a combustion zone
which is near to the stochiometric conditions. This might
result in the increase of the local combustion temperature.
The second fact is that the exhaust gases replace a part of
the fresh air in the top of the liner. The exhaust gases have
higher temperature than the air coming from the compres-
sor, which can increase the combustion peak temperature in
the top part of the liner.
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Fig. 9. Maximum static temperature in the combustors

The total exhaust temperature evolution in the combus-
tor was analysed in the third part of this section and pre-
sented in Fig. 10. The maximum mass averaged total tem-
perature at the outlet of the combustor is noticed in the case
A (1230 K), and the lowest in the case C (1228 K). The
difference is just about 2 K, which is a negligible value. It
shows that the implementation of the IFGR system doesn’t
affect the total exhaust temperature.

Case A
Case B

Ref
eference Case C

Temperature T3* [K]
=
N
NNNNO00000000000 00
NDBOOONPAOOONDO

Fig. 10. Total exhaust gases temperature

4.4. Impact of the IFGR system on the CO and NO,
emissions

The CO dry emissions are presented in Fig. 11. The CO
emissions meet a decreasing evolution from the referential
to the C case combustor. For all IFGR cases, the CO emis-
sions are under the value of 10 ppm. The decreasing values
of the CO emissions are corresponding to the increase of
the maximum combustion temperature and the recirculated
part of the exhaust gases mass flow. This CO emission
reduction may be linked with two facts. The first is that the
combustion temperature from the referential case to the C
case increases, and it is the factor that makes this emission
decreases. The second fact is that a part of CO present in
the exhaust gases is recirculated into the combustion zone,
and the CO of this part of the exhaust gases is reburnt,
causing the CO emission reduction in the IFGR cases.

The NOy dry emissions are presented in Fig. 12. In
terms of NO, emissions, there is an augmentation from the
referential to case C combustor. In the case of the referen-
tial combustor the NO, emission is around 127 ppm, while
for the last case (C), the NO, emission is around 140 ppm.
In this kind of power devices, the NO, emission is strongly
linked to the thermal NO mechanism. As the maximum

combustion temperature increases from the referential to
the case C combustor, the NO, emission also increases
from the referential case to the case C. These results are
coherent with the CO emissions and the maximum combus-
tion temperature evolutions.

Reference

12 Case A} case B
10 Case C

CO emission [ppm]

ORNWhAUIONO

Fig. 11. The CO emissions

145 Case C

Case B

140 Case A

135

Reference

NO, emission [ppm]

Fig. 12. The NOy emissions

To sum up the emissions consideration of the IFGR
concept, it must be underlined that the IFGR case C is the
most advantageous in the context of CO emissions, while
being the worst in terms of the NO, emissions. In the con-
text of the NO, emissions, the referential case is the most
advantageous, while being the worst in terms of the CO
production. This may be explained by the augmentation of
the maximum combustion temperature (hot-spots) from the
case A to the case C. This first study permits to demonstrate
that the IFGR concept adopted for the gas microturbine
combustors permits to reduce the CO emissions, while
provoking the NO, augmentation.

5. Conclusion
This study exposes the IFGR concept adapted to the gas
microturbine combustor as well as the numerical investiga-
tion of the referential and three IFGR combustors. The
results were examined and brought several conclusions
listed below:
— Dby applying the adequate pipe system into the referential
combustor, it is possible to achieve the recirculation of a
part of the exhaust gases,
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— the IFGR combustor case C permits to obtain the maxi-
mum mass flow of the recirculated exhaust gases. In ad-
dition to the total-static pressure difference, a Venturi
shaped channel was added in the mixing pipe,

— the introduction of the IFGR pipe system into the refer-
ential model of the combustor provoked a negligible
augmentation of the total pressure drop between the in-
let and outlet of the combustor (the increase of the total
pressure drop has a maximum value of 0.8% — case C),

— the introduction of the exhaust gases into the combus-
tion permitted to softly homogenize the temperature
field on the analysed plane, especially in the case C,

— the introduction of the exhaust gases into the combus-
tion doesn’t significantly affect the temperature homo-
geneity in the whole combustor,

— the maximum combustion temperature increases succes-
sively from the referential to the C case combustor. It is
a consequence of modifying the equivalence ratio in the
combustion zone of the liner, introducing hot exhaust
gases into the fresh air entering inside of the mixing
pipe and reburning the CO present in the exhaust gases,

— the implementation of the IFGR system doesn’t impact
the exhaust total temperature,

— the application of the IFGR system in the combustor
permits to reduce the emission of the CO species, espe-
cially in the case C combustor. It is the consequence of

reburning part of CO present in the exhaust gases and

increasing the maximum combustion temperature,

— the implementation of the IFGR system into the com-
bustor provokes the increase of NO, emissions, which is
linked with the increase of the maximum combustion
temperature (explained above), and the maximum emis-
sion is obtained in the case C while the minimum in the
referential case.

The concept of the IFGR applied in the gas micro-
turbine combustor was investigated numerically and it
permitted to demonstrate that an autonomous internal flue
gas recirculation is possible and that it has a visible effect
on the combustion process. Taking into consideration the
mass flow efficiency of the recirculated exhaust gases, the
cases B and C (especially C) are the most desirable. At the
same time, it was shown that the implementation of the
IFGR system doesn’t strongly affect the total pressure drop
and the exhaust total temperature, which is a positive ob-
servation. Taking into account the reduction of the CO
emission, the C case is the most interesting. Taking into
consideration the lowest emission of the NO, emissions, the
referential combustor is better than the IFRG combustor
cases. The IFGR system applied to gas microturbines per-
mits to reduce the CO emissions. The study permitted also
to demonstrate that the IFGR system provokes an increase
of the NO, emissions. Further investigations will be per-
formed in order to analyse the impact of this IFGR concept
in the context of emissions.

Nomenclature
A; surface of the i facet defining the analysed Teen; static temperature in the i cell defining the
surfage [m’] computational domain [K]
¢ velocity [m/s] Trace; static temperature on the facet i defining the
Cs fuel mass flow [kg/s] analysed surface [K]
€O carbon monoxide yyPlane lane area weighted static temperature uni-
IFGR Internal Flue Gas Recirculation area prane are & P
m air mass flow [kg/s] formity index [-]
. . Ulyolume volume mass weighted static temperature
NO, nitrogen oxides . .
ressure [Pa] uniformity index [-]
% P Vi volume of the cell i defining the computa-
temperature [K] . . 3
T, average static temperature in the analysed tional domain [m’]
average £e st p y o} density of the cell i defining the computation-
cross-section plane [K] al domain [kg /m3]
Taveragemass average sFatlc temperature in the analysed 1,2,3,4 gas microturbine cross section designation
computational domain [K] *index total value of a parameter
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The article presents theoretical research of the proposed system of fully independent valve control (FIVC) of

the SI engine. The analysis included controlling the movement of the intake valves, which results in adjusting the
mass of the fresh charge to the current engine load, as well as the movement of the exhaust valves, where the
main aim is to keep the rest of the exhaust gas in the cylinder, i.e. implementation of internal EGR. The open
theoretical Seiliger-Sabathe cycle with the classic throttle regulation of load is the reference cycle for assess-
ment of benefits and study of the effectiveness of obtaining work as a result of application of the FIVC system.
A comparative analysis of the effectiveness of application of the proposed system was carried out based on the
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selected quantities: fuel dose, cycle work, relative work of charge exchange and cycle efficiency. The use of the
FIVC to regulate the SI engine load makes it possible to eliminate the throttle and thus reduce the charge
exchange work, especially in the partial load range. And this then leads to an increase in internal and effective
work, which in turn results in an increase in the effective energy efficiency of an engine operation.
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1. Introduction — the importance of the charge
exchange process in an ICE
The energy conversion process taking place in an inter-
nal combustion engine can be characterized by the effective
energy efficiency 7., defined as:

N, = (1)

m,H,

where rhp — mass flux of consumed fuel, H, — calorific

value of fuel.

The theoretical cycle of the ICE consists of physical
processes that reflect the idealized course of the real engine
processes. The ratio of the theoretical cycle power N, to the
fuel chemical energy flux expresses the energy efficiency
of the theoretical cycle:

N
= o 2
o m H, @

Based on the real cycle of the engine, the internal power
N; is determined and then the internal efficiency, defined as:

Ni
N .y 3
The perfection of the implementation of thermodynamic
processes in an ICE is assessed by the rate of internal excel-
lence &;, which expresses the ratio of the internal power N;
of the engine to the power N, of the theoretical cycle:

N,
§=— “
NO
The mechanical friction losses and the power necessary
to drive the engine auxiliary mechanisms are characterized
by the rate of mechanical excellence &,,, defined as the ratio

of the effective power N, to the internal power N;:

& = ®)

The effective energy efficiency . of an internal com-
bustion engine can therefore be expressed as the product of
the theoretical cycle efficiency m, and the rates of excel-
lence:

N =N, & & (6)

Formula (6) shows that due to changes in the theoretical
cycle, leading to an increase in the value of its energy effi-
ciency 1, it is possible to obtain an increase in the value of
the effective energy efficiency n. of the engine.

The operation of the car engine at the optimal point, due
to the maximum, effective efficiency n., occurs relatively
rarely. For a spark ignition engine, this point of optimal
operation is situated close to the external characteristic. In
operation range far away from the optimal point, i.e. for
partial loads, the effective energy efficiency 1. of the inter-
nal combustion engine is significantly lower than the max-
imum value.

Among the many reasons for the reduction of efficiency
in the area of partial loads, two should be mentioned as
significant:

— an increase in the work of charge exchange leading to
a decrease in the rate &; of internal excellence,

— an increase in the relative work of friction, related to the
internal work, resulting in a decrease in the rate &, of
mechanical excellence.

Greater potential for improving the situation is associat-
ed with the reduction of losses in the process of charge
exchange, which in turn will result in an increase in the rate
of internal excellence, mainly in the field of partial loads.
A significant reduction in charge exchange work in the SI
engine can be achieved by eliminating the throttle by intro-
ducing independent valve control.
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Independent valves control (IVC) is one of the most
promising technical solutions to solve the pumping losses
problem in SI engines due to its potential in eliminating the
throttle. In recent years, various kind of IVC systems have
been developed, but only few has been successfully brought
into the market, such as the Valvetronic, Valvematic and
Multiair (UniAir) [5, 16, 19]. A considerable improvement
in engine performance and fuel economy at partial load has
been reported by using these systems [3, 13].

Many engine concerns are working on design solutions
of valve trains in which the valve movement control will be
completely independent. The most advanced works are on
mechanisms in which the opening and closing of valves is
performed using electromagnetic systems [4, 9, 10, 15].

Camless valve trains, in which the valve motion is com-
pletely independent of the piston motion, can improve the
fuel economy by 20% or higher with no pumping loss for
SI engines [17]. Optimizing the valve timing at all operat-
ing conditions results in a nearly flat torque characteristic
with 10% increase in maximum torque and up to 50% at
low torque [17].

Initial tests of a passenger car, according to the Japanese
driving cycle (type 10-15), with an SI engine equipped with
an electromagnetic valve actuator showed the possibility of
reducing fuel consumption by approximately 7% compared
to an engine with a conventional timing system [14]. These
tests also showed an increase in torque by 20% in the range
of low and medium engine loads. On the other hand, tests
of the car, carried out according to the NEDC, with the SI
engine also equipped with an electromagnetic valve control
system, showed a reduction in fuel consumption of up to
19% [12]. An increase in torque of up to 20% in the low
engine load range was also found.

Camless timing systems in internal combustion engines
are also developed on the basis of an electrohydraulic drive
[11, 20]. The first car, produced in series since September
2009, to use an SI engine with the UniAir system character-
ized by full variable valve timing is the Alfa Romeo MiTo
[8]. The drive unit used in this car is an turbocharged SI
engine with a maximum power of 100 kW. This engine
uses an electrohydraulic system for independent control,
but only the intake valves. The exhaust valves are con-
trolled conventionally by means of a camshaft. The benefits
of using the UniAir system are as follows [1, 7]:

— reduction of fuel consumption up to 10%,

— power increase up to 10%,

— increase of the torque up to 15% in the range of lower
engine loads.

However, with the electro-hydraulic UniAir system, the
maximum valve lift is reduced when the inlet valve is earli-
er closed. Electromagnetic motor valve drives do not have
this disadvantage [2, 18].

A novelty in the presented solutions, which are the sub-
ject of the research, is the development and analysis of
a system of fully independent control of valves, both inlet
and exhaust. The task of the inlet valves will be to adjust
the mass of the charge load to the required engine load. On
the other hand, the independent movement of the exhaust
valves will enable the controlled retention of the rest of the
exhaust gas in the cylinder, i.e. the implementation of inter-

nal exhaust gas recirculation. Thus, the aim of using fully
independent valve control (FIVC) is to eliminate the throt-
tle, the regulatory function of which is taken over by the
valves, while maintaining quantitative control of the engine
load.

2. Basic features of the cycle

A fully independent valve control (FIVC) system is
achieved by combining the early inlet valve closing (EIVC)
system [6, 21] with the early exhaust valve closing (EEVC)
system [20]. The FIVC system enables the implementation
of internal exhaust gas recirculation and full adjustment of
the fuel dose. The theoretical open cycle of a piston internal
combustion engine for a fully independent valve control
system is shown in Fig. 1.
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ps — pressure in the intake system  py, — pressure in the exhaust system
po — ambient pressure s —entropy
V; —cylinder displacement

Fig. 1. Open, ideal cycle for the system of fully independent valve control
(FIVC)

The engine load regulation in the FIVC system is made
using two independent control parameters:
— compression ratio of the recirculated exhaust gas g, ,:

_w.z , (7)

which is a parameter that regulates the mass of the re-
circulated exhaust gas my,,

— relative cylinder volume g4, at which the intake valve
closes:

£y, =22 (8)

which is a parameter that regulates the mass of fresh

charge fed to the cylinder.

The values of the control parameters in relative terms,
depending on the cycle work L,, are shown in Fig. 2. The
cycle work L, is related to the maximum work L, ., of the
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Seiliger-Sabathe open cycle. The dependence of the cycle
work on the control parameters is linear, which is advanta-
geous for regulatory reasons.
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€., 091[e=10:9=09]mpsm=2pspu=0.1]
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Fig. 2. Control parameters for the FIVC system versus cycle work for two
boundary variants

The characteristics in Fig. 2 and in all other figures are
presented for two limit variants of the analysed system:
— variant 1: for g5, = ¢ = idem,

then the control parameter is €, = var,
— variant 2: for g, , = 1 =idem,

then the control parameter is g4, = var.

3. Fuel dose

The basic parameters deciding about the amount of fuel
dose are (Fig. 1): V,,, — cylinder volume when closing the
exhaust valve, V4, — cylinder volume corresponding to the
beginning of the inlet valve opening, V,, — cylinder volume
when closing the inlet valve, Ap,, — exhaust gas pressure
drop in the exhaust system, Apy — air pressure drop in the
intake system, A — excess air ratio.

Assuming that A = idem, the fuel dose can be expressed
as follows [20]:

m, = mpﬂ&—vdl Vio )
Py Vi=V,

where m,,; — base amount of fuel dose, corresponding to the
maximum mass of fresh charge delivered to the cylinder, py
— intake manifold pressure.
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Fig. 3. Relative reduction of the fuel dose Am,/m, ss for the FIVC system
compared with the classic throttle governing system, versus cycle work

The relative reduction of the fuel dose Am,/m, ss for the
FIVC, compared to the system with classic throttle control,
is shown in Fig. 3. The hatched area covers the full range of
value changes of two independent engine load control pa-

rameters €,,, and €4,. A reduction of the fuel dose in rela-
tion to the classical throttle control was found in the whole
load range, and particularly significant (reaching up to
18%) in the low load area.

4. Charge exchange work
The work of charge exchange L, for the FIVC can be
written as the sum of the components of the useful works:

Ly =Ly67+Ly7-s+*Lygo +Lyg-io (10)

The index p of the relative charge exchange work is de-
fined as the ratio of the charge exchange work L,, (10) to
the cycle work L:

L
polel

L QY

o

The work of charge exchange L., for the FIVC system is
shown in Fig. 4. In this figure, for comparison, the work for
the Seiliger-Sabathe open cycle is also presented. The
course of the charge exchange work for the FIVC system is
the opposite in terms of quality, compared to the system
with classic throttle control (open Seiliger-Sabathe cycle).
In the FIVC system, the absolute value of the charge ex-
change work decreases as the engine load is reduced, which
is a significant advantage. As a result, the relative work of
the charge exchange p does not reach significant values in
the range of low loads (Fig. 5).
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Fig. 4. Comparison of the charge exchange works L./(poV) for the FIVC
system and Seilger-Sabathe cycle
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Fig. 5. Comparison of the relative charge exchange works p for the FIVC
system and Seilger-Sabathe cycle

For the FIVC system, the index p does not exceed 4%.
Such low values of the relative work of charge exchange
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are the result of the elimination of the throttle from the
intake system.

5. Cycle efficiency

In the energy aspect, an important parameter is the cycle
efficiency m,. The efficiency of the theoretical cycle ex-
presses the ratio of the work of the cycle L, to the total
energy Qq fed into the cycle:

L
0 12
Qq (12

The efficiencies mn, of the FIVC cycle and Seiliger-
Sabathe cycle are shown in Fig. 6.

No =

0.65 7 i i
Mo ] [ £=10:%=09 | Bpsm=dp/po=0.1 |
0.60 1 — ! ‘/_’_’__’___
0.55 1 ’{
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0.50 1
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0.45 1
040 +—1—"rvvrr—r—rt—r—
0.0 0.2 0.4 06 0.8 1.0
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Fig. 6. Comparison of efficiencies 1, of the cycles for the FIVC system
and Seilger-Sabathe cycle

The efficiencies 1, of the cycles for the FIVC are higher
than the efficiency of the open theoretical Seiliger-Sabathe
cycle. By increasing the value of the cycle efficiency n,, it
is possible to increase the value of the effective energy
efficiency m. of an engine. The highest efficiency is
achieved by the cycle for the limit variant 1. In the range of
low loads, the cycle efficiency of the variant 1 is about 0.1
greater than the efficiency of the cycle with classic throttle
control. Characteristic and advantageous for variant 1 is the
flat course of the cycle efficiency over the entire range of
the cycle work. Thus, this variant is most suitable for load
regulation of a spark-ignition engine. The only limitation in
this respect may be too high values of the exhaust gas recir-
culation rate, but only at the lowest values of the cycle
work (Fig. 7).

6. Parameters of the internal exhaust gas recircula-
tion process
The main parameters characterizing the process of in-
ternal exhaust gas recirculation are:
— exhaust gas recirculation rate o,:

m
— st
a =—2L,

. 0<a, <1
m,

(13)
where mg, — mass of the recirculated exhaust gas (retained
in the cylinder), m; — total charge mass (charge mass at
point 1 of the cycle);

— multiplicity of exhaust gas recirculation oy:

m,

- S
o, =—*,
m

a, >0 (14)

where m,, — mass of the fresh charge (mixture) fed into the
cylinder.

Taking into account the relationships connecting the
masses appearing in definitions (13) and (14) and addition-
ally that m; = my,, the above definitions can be written in
the form:

m, mg,

ST [
— oy =
mm er

a. =

T

5)

and indicate the interdependence between the parameters o
and oy:

- Ok a,
1+a,

(16)

by

The exhaust gas recirculation rate o, can also be ex-
pressed by the cycle parameters. Taking into account the
dependencies between the relevant cycle parameters, the
following is achieved [20]:

1+APJ (k=1 —«
a :isw_l & My (17)
' I_Apd €42 \ &az y M,
Po

Similarly, if formulas expressing the mass my, of recir-
culated exhaust gas and the mass m,, of the fresh mixture
supplied are substituted in the definition (14) of the exhaust
gas recirculation multiplicity oy, and the relationships be-
tween the relevant cycle parameters are taken into account,
it is obtained [20]:

¢_K (k-1
14 8P
__ Py Ews Y\ M,
* 1_ﬂ €4, "€ao I+ P, €, €. v I3 (b ¢'K M,
Po P (sd.z _Sd.n) €0 €. Y
(18)
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Fig. 7. Exhaust gas recirculation rate o, for the FIVC system versus cycle
work

The exhaust gas recirculation rate o, and multiplicity the
exhaust gas recirculation ay for the FIVC system, depending
on the cycle work, are shown in Figs 7 and 8, respectively.

In the range of low loads, for the limit variant 1 of the
load control, high values of the recirculation rate a, (up to
80%) are achieved, and the recirculation multiplicity oy
reaches 4. These values may turn out to be too high due to
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the certainty of ignition, as well as the correctness of the
fuel combustion process. Then, when using the FIVC sys-
tem to regulate the load in the engine, the FIVC system in
this area of the engine operation will not be available. The
acceptable values of the recirculation rate and the exhaust
gas recirculation multiplicity may be determined only
through experimental tests.

4.0 ] ‘
Gk ] [ -
357 | FIVC system
3.0 —— \
] ‘/-| variant 1 \
25 = fLo/lom) [
2.0 ] \ £=10;W=09
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1.0 ‘7 ‘v_‘ -
] variant 2
0.5 7

L

0.0 I —
0.0 0.2 0.4 06 0.8 1.0
Lo/Lo, max

Fig. 8. Multiplicity of exhaust gas recirculation o for the FIVC system
versus cycle work

The ecological aspect of the application of the FIVC
system should also be emphasized. Thanks to exhaust gas
recirculation, the maximum combustion temperature is
lowered, thereby reducing nitrogen oxide emissions. More-

over, the heat flux (heat loss) to the cylinder walls is re-
duced.

7. Conclusion

The observed beneficial effects of the use of the fully
independent valve control system are, first of all, the result
of elimination of the throttle as an actuator for regulating
the SI engine load, while maintaining quantitative load
regulation. In the scope of regulation of filling and engine
load, in the proposed system the valves take over the func-
tion of the throttle. It has been confirmed that one of the
significant ways to improve the efficiency of SI engines,
especially in terms of partial loads, is to reduce the work of
charge exchange. The work of charge exchange for the
analysed FIVC system is much smaller than the work of
charge exchange for the classic throttle control (Seiliger-
Sabathe cycle). For the FIVC system, the value of the rela-
tive charge exchange work does not exceed 4% over the
entire load range. As a result, in the low load range, the
efficiency of the FIVC cycle is increased by more than 10
percentage points compared to the Seiliger-Sabathe cycle.

For ecological reasons, it may also be beneficial to
combine the proposed independent valve control system
with other primary and secondary measures aimed at reduc-
ing emission of harmful substances.
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Nomenclature

EIVC early inlet valve closing Q heat

EEVC early exhaust valve closing SI spark ignition

FIVC fully independent valve control T temperature

ICE internal combustion engine v volume

IvC independent valve control Ok multiplicity of exhaust gas recirculation
L work oy exhaust gas recirculation rate
m mass € compression ratio

M molar mass A excess air ratio

N power n energy efficiency

NEDC New European Driving Cycle n relative charge exchange work
p pressure b4 heat distribution number
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The subject of the article is proposed proprietary M toxicity indicator, which is based on the assumption

that CO, emissions are a measure of the correctness of the combustion process. For this purpose, gaseous
exhaust compounds such as hydrocarbons, nitrogen oxides, carbon monoxide and carbon dioxide were
measured and analyzed. The test object was a motorcycle, equipped with an gasoline engine with a displacement
of 0.7 dm’ and a maximum power of 55 kW. The tests were carried out using the PEMS (Portable Emissions
Measurement System) AxionR/S+. The exhaust emissions measurement was done in line with the WMTC (World
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Motorcycles Test Cycle) certification test, dedicated to vehicles in this category. The test consists of three parts,
each of them lasts 600 s and has a different maximum speed value. The test was performed on a single-roller
chassis dynamometer, designed for testing two-wheeled vehicles. The toxicity indicators and rotation speed
results were presented as a function of time.
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1. Introduction

For several years, the leading direction of vehicle type-
approval tests has been testing them in real operating condi-
tions, i.e. when using the vehicle on public roads. Many
scientific papers [2, 3, 5, 8, 11, 12] have shown that adopt-
ed type approval tests, such as WMTC do not fully repro-
duce the real operating conditions of two-wheeled vehicles,
and thus also their emissions. This solution enables finding
the real energy consumption and exhaust emission of the
tested vehicle. In 1992, the Earth Summit was held in Bra-
zil in Rio De Janeiro, during which 172 participating coun-
tries have agreed on their commitment, among other things,
to reducing CO, emissions by 50 percent by 2050, com-
pared to 1987 [13]. The largest reduction was to apply to
highly developed and highly industrialized countries —
including Poland. The automotive industry is one of the
main sources of carbon dioxide formation. For this reason,
alternative drive solutions for automotive vehicles are being
developed. China, for example, has completely barred its
drivers from driving taxis and buses with internal combus-
tion engines in the centers of some cities, replacing them
with those equipped with electric motors [4].

Another of the ideas to reduce emissivity is the use of
an electric engine and an internal combustion engine coop-
erating with each other in larger vehicles. Such a hybrid
system is currently widely promoted by most of the major
automotive OEMs. Many manufacturers also see a niche in
the European automotive market, which is two-wheeled
vehicles.

Legislation in Poland allows driving two-wheeled vehi-
cles with a category B driving license up to vehicles with an
engine displacement of 125 cm®, which also facilitates
exposure of more people to ecological two-wheeled vehi-
cles. Two-wheeled vehicles help to avoid urban congestion,
consume less fuel, save time spent commuting to and from

work. In addition, many cities offer free parking spaces for
two-wheelers and enable bus lanes [1].

From 2017, with the entry into force of the Euro 4 lim-
its, all newly-manufactured two-wheeled vehicles must be
additionally equipped with several safety enhancing ele-
ments (braking system equipped with ABS) and a signaling
device on economic driving clocks. For people requiring
low fuel consumption from two-wheelers, while maintain-
ing very good movement dynamics and having a category
A driving license, motorcycles of medium engine dis-
placement, small dimensions and compact design are pro-
vided.

2. Methodology

2.1. Test vehicle

The tests during vehicle operation were performed on
a motorcycle of one of the leading Japanese manufacturers.
The technical data provided in Table 1 accurately describe
its specification. From the data presented in the table 1, it
can be concluded that the tested vehicle has a naturally
aspirated engine. The compression ratio of 11.5:1 is indeed
high in relation to the classification of gasoline internal
combustion engines in passenger cars, but motorcycles
often have a compression ratios of even 13:1 and higher.
The engine of the tested vehicle is supplied by injectors
located indirectly in the inlet (one for each cylinder).

Table 1. Test motorcycle operating parameters

Engine type 2 cylinders, liquid-cooled 4-stroke,
DOHC, 4-valve

Displacement 0.7 dm’

Minimum power 55 kW/9000 rpm

Maximum torque 68 Nm/6500 rpm

Cylinder diameter/piston stroke 80.0 mm X 68.6 mm

Compression ratio 11.5:1

Lubrication system wet oil sump
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DENSO 32-bit controller communicating with other ve-
hicle controllers (ABS module, clock display) via CAN bus
was responsible for controlling the proper fuel dosage and
combustion process. It had at its disposal a number of sen-
sors monitoring the external conditions in which the vehicle
is moving (external temperature, atmospheric pressure) as
well as those reading the parameters of the engine itself.
The engine unit, after warming up to its operating tempera-
ture, works in a closed loop using a narrowband lambda
probe, correcting the fuel dose with its readings and igni-
tion maps saved in the controller so as to keep the mixture
close to stoichiometric. Only when switching to maximum
throttle opening the controller enters the open loop and uses
rigid saved maps without the need for corrections with data
from the probe. This is a solution often used in road-class
vehicles. Figure 1 shows the test object at the chassis dy-
namometer.

Fig. 1. Picture of the tested motorcycle along with the measuring apparatus
on the designated dynamometer

The design of the entire engine is among the simpler de-
signs — it has no variable timing phases, four valves per
cylinder in the head are controlled by two camshafts driven
by a chain directly from the crankshaft. The power supply
system is also one of the less complex of those found on the
motorcycle market. There are no dynamically changed
lengths of the intake system, no valves or flaps in the ex-
haust system, one 4-hole injector per cylinder. The only
important element that distinguishes this engine from the
competition is the crankpins rearrangement by 270 degrees,
unlike the classic 360 degrees. Despite its simplicity, the
vehicle met the applicable emission standards and was
approved for the European market.

2.2. Measuring equipment

In order to perform the intended tests, the device of the
American company Global MRV — AxionR/S+ was used to
analyze the exhaust gases. The device allows to measure
emissions of harmful and toxic compounds, both gaseous:
hydrocarbons (HC), carbon monoxide (CO), carbon dioxide
(COy), nitrous oxide (NO) as well as solid particles. NO,
emission was estimated on the basis of the producer's as-
sumption and own experience that NO constitutes 95%
share in the total NO, emission. Technical data of the appa-
ratus is presented in Table 2, while the test object with the

measuring setup on the dynamometer stand is shown in Fig.
2. Electrochemical analyzers are used to determine NO and
O,. The concentration of the first three of these compounds
is measured by an NDIR (Nondispersive Infrared Sensor)
analyzer. The PM measurement method uses a Laser Scat-
ter based method [14].

In addition, the manufacturer equipped the device with
a meteorological station, a GPS and a module enabling
registration of data from the on-board vehicle diagnostic
system (OBD). Measurement and data acquisition was done
at a frequency of 1 Hz. Corrections are made to the ob-
tained results from the recorded data, and then the road/unit
emissions of the tested exhaust gases are calculated. More-
over the AxionR/S+ allows measurement and recording of
vehicle and engine data: vehicle speed, acceleration, engine
speed, intake air temperature, manifold air pressure.

Fig. 2. The view of AxionR/S+

Table 2. AxionR/S+ device technical data [14]

Gas Measure- Accuracy Re_solu— Type of
ment range tion measurement
+8 ppm abs.
HC 0-4000 ppm or +3% rel. 1 ppm NDIR
+0.02% abs. 0.001
€O 0-10% or 3% rel. vol. % NDIR
CcO +0.3% abs. 0.01
N 0-16% or 4% rel. vol. % NDIR
+25 ppm abs.
NO | 0-4000 ppm or £3% rel. 1 ppm E-chem
o +0.1% ppm abs. 0.01 3
0 0-25% or +3% rel. vol. % E-chem
0 mg/m’ to 0.01
PM 300 mg/m’ +2% mg/m’ Laser Scatter

2.3. Chassis dynamometer

The test was carried out on a motorcycle chassis dyna-
mometer, INERTIAL 70, manufactured by SOFT-
ENGINE. It made it possible to read the instantaneous
power and torque on the wheel of the vehicle, as well as
acceleration, speed and distance traveled. When preparing
the test stand, data on temperature and ambient pressure,
humidity as well as correction factor were input into the
software. The final parameter is individual for a given mo-
torcycle model. A large number of introduced environmen-
tal parameters has a positive effect on the measurement
accuracy. The dynamometer technical data were presented
in Table 3.
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Table 3. Technical specifications of the dynamometer station [15]

Dynamometer Inertial

Maximum received power 59 kW (80 HP)

Maximum received velocity 180 km/h

Dimensions: length/width/height 1900/800/4200 mm

Own weight 450 kg

Software INERTIAL 3.0
2.4. WMTC test

The World Motorcycle Test Cycle (WMTC) is a driving
cycles used to measure fuel consumption and emissions in
motorcycles. The methods of WMTC cycle are set up as
part of the Global Technical Regulation established under
the United Nations’ World Forum for Harmonization of
Vehicle Regulations. The speed curve was a reflection of
the speed characteristic of the harmonized WMTC type
approval test, consisting of three phases (Fig. 3). Each of
them lasted 600 seconds and was characterized by a differ-
ent maximum value of the speed.

Fig. 3. WMTC test [10]

2.4. Phases of the test

After setting up the test vehicle on the stand, a number
of sensors and probes had to be mounted on the vehicle. To
the stub pipe, before the throttle, a cable was routed that
passed information about the engine vacuum to the vacuum
transducer. The transducer converts the pressure values into
the corresponding DC voltage in the range from 0.5-5.5 V
(Fig. 4). Next, a temperature probe was placed in the intake
system) connected to the measuring device.

To read the rotational speed of the crankshaft, it was nec-
essary to use a sensor fastened with a high-voltage cable
behind the ignition coil attached by the PEMS manufacturer
to the measuring equipment kit. Figure 5 shows the speed
sensor after mounting it on an adapted high voltage cable.

a) b)

Fig. 4. Tooling for the intake manifold: a) vacuum transducer, b) tempera-
ture probe

Fig. 5. Speed sensor mounted on the high voltage cable

After preparation of the vehicle, it was necessary to cal-
ibrate the AxionR/S+ measuring device using technical
gases in gas bottles located at the test stand. After a suc-
cessful calibration process, the probe was mounted on the
end of the motorcycle exhaust system introduced to a depth
of about 20 cm. With the coordinated cooperation of the
recording equipment operator and the motorcycle operator,
the measurement process was started so that the values of
speed, duration it is maintained, distance traveled and ac-
celerations corresponded as closely as possible to the
WMTC test procedure.

2.5. Definition of motorcycle toxicity indicators
in relation to CO,

Based on the basic combustion equations, a new toxicity
factor M was proposed, which is the ratio of CO, to other
toxic exhaust gas compounds. It was assumed that the tox-
icity index plays the role of a measure of the correctness of
the combustion process. The values to be substituted for the
formula structure formulated by the authors must be ex-
pressed in the same units, which will allow for its dimen-
sionlessness, as a result of which a comparative analysis of
vehicles of different categories and intended use is possible.
The toxicity index thus defined makes it possible to effi-
ciently compare different heat engines with each other with
exhaust aftertreatment systems. The dimensionless quanti-
tative toxicity index M is defined by the quotient:

b- €real j (1)

€Cco,

where: M — dimensionless toxicity indicator [-]; j — toxic
exhaust component for which the emission indicator was
determined; b — universal constant (for CO, THC and NO,
= 10°, for PM = 105); €real» j — SPecific emission, road emis-
sion or mass of toxic compound j determined during the
measurements in the emission test [g/(kW-h); g/(km); g];
ecop — specific emission, road emission or mass of CO,
determined during the measurements in the emission test
(having the same unit as e, ;) [g/(kW-h); g/(km); g].

The presence of the constant b allows to increase the
readability of the results, because the number of decimal
places is limited. This has been confirmed on other vehicles
that meet various emission standards [6, 7, 9]. Therefore, it
is possible to ecologically assess the L-category vehicles
and vehicles of other categories based on the proposed M
factor in terms of emission tests obtained both in laboratory
tests and in real operating conditions.
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3. Results

On the basis of the measurement data recorded during
the tests, the second emission of individual toxic com-
pounds (HC, CO, NO,) was determined, which was then
compared to the second emission value of CO,. When ana-
lyzing the results obtained during the test, some dependen-
cies of CO, emissions and toxicity indicators on the instan-
taneous test conditions can be observed.

Due to the direct relationship of the amount of CO, with
the amount of fuel consumed, it was found that when the
demand for fuel is high (driving at higher speed, sudden
accelerations) the amount of carbon dioxide increases in
direct proportion (Fig. 6). The average rate of CO, emis-
sions in the test was 1.69 g/s.

Fig. 6. The course of the engine torque and the CO, emission intensity
recorded during the tests in the WMTC test

The observed relationship is the significantly increasing
value of carbon monoxide toxicity during engine braking,
where the local maximum M_CO of the engine operation
near idling and CO, emission close to zero at these points
was recorded (Fig. 7). This is, among others, due to insuffi-
cient heating of the combustion chamber and low tempera-
ture of the exhaust system (idling). This enriched the mix-
ture to the lambda < 1 range, which is one of the main
causes of carbon monoxide formation.

Fig. 7. The course of the engine torque and the M index for CO recorded
during the tests in the WMTC test

In addition to the negative phenomena in the engine cyl-
inders, a significant impact on the significant value of the
dimensionless M index is also caused by the incorrect oper-

ation of the exhaust gas treatment system — a three-way
catalytic converter. Significant values of M_CO (~ 60)
were obtained in the first minute of the research test, i.e. for
idling, where the aftertreatment systems had not yet
worked, and the combustion temperature was low.

Most of the factors contributing to the formation of an
excessive amount of carbon monoxide in the exhaust gas
(flame extinction, incomplete combustion) also cause an
excessive content of hydrocarbons, hence the highest tox-
icity values of both compounds were recorded at the same
points of the test (engine braking), where CO, emission was
close to zero (Fig. 8). The local maximum (55) was record-
ed in the third phase of the test during sudden braking. The
mean value of the toxicity index for the entire trip was 2.7.

Fig. 8. The course of the engine torque and the M index for HC recorded
during the tests in the WMTC test

The analyzed index M in the cases considered so far is
characterized by a strong dependence in the points of the en-
gine operation where the reduction of the engine torque occurs.
Otherwise, it is the opposite in relation to NO, (Fig. 9).

Fig. 9. The course of the engine torque and the M index for NOy recorded
during the tests in the WMTC test

The maxima of the considered parameter occur during
the rapid increase of the rotational speed. When accelerat-
ing the vehicle, when the power train requires a lot of ener-
gy, more fuel is transferred to the cylinders. This has
a direct impact on obtaining significant temperatures (over
2300 K) in the front of the flame during combustion. Ac-
cording to Zeldowicz's theorem, these are very favorable
conditions for NO, formation. The sudden and strong emis-
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sion intensity of the compound under consideration is so
significant in comparison to CO, that it causes the extremes
(above 1) in the analyzed test.

The tests were carried out with the utmost care to repro-
duce the conditions of actual type approval tests as accu-
rately as possible. The test was carried out on a chassis
dynamometer, in a ventilated room, but with an ambient
temperature lower than recommended in the legislation. In
addition, to avoid the stage of heating the vehicle to operat-
ing temperature during the test, the vehicle has previously
been warmed up. This in turn caused that during the final
stages of measurements, the cooling that was to be provided
by the electric fan ceased to be sufficient and the tempera-
ture of the coolant began to rise above normal operating
conditions (78-95°C — operating temperature) and reached
110°C. This temperature was still below the maximum
allowable temperature (this was set by the manufacturer at
115°C). Based on the determined masses of individual
gaseous compounds, a comparison of their M toxicity indi-
ces was made (Fig. 10). Due to the dimensionlessness of
the M index, it is possible to compare not only terms of the
same category, but also objects belonging to different
groups. Therefore, the obtained results from the motorcycle
were compared to the results of a vehicle of another catego-
ry. In the work of the authors [7], considerations were made
in the aspect of the use of the toxicity index for convention-
al, hybrid and alternative fuel city buses. The measurements
were made in accordance with the SORT 2 drive test pro-
cedure and on the test route in the Poznan agglomeration.
The comparison of the results of both studies shows that the
two-wheel vehicle achieves the most similar values of the
M index for each of the considered toxic compounds with
the values recorded for a bus powered by compressed natu-
ral gas (M_CO =6.5; M_HC = 1.65; M_NO, = 0.51).

Fig. 10. Summary of M toxicity indicators for CO, HC, and NO, when
tested in the WMTC test

4. Conclusions
At present, concepts such as ecology, environmental
protection and global climate change are not just points of

discourse but a real challenge for vehicle manufacturers.
Therefore, actions are taken that have a direct impact on the
development of modern drive systems. Referring to the
European policy of Sustainable Development, it can be said
that the direction in which the further development of tech-
nology will be directed will have a key impact on the fu-
ture, which will be experienced not only by us, but above
all by future generations. Until 1997, two-wheelers were
not subject to any Euro emission limits. Only from this
moment manufacturers began to use three-way catalytic
converters. Considering the progress in reducing emissions
of passenger cars and trucks, it is clear that the two-wheeler
market is still just waiting for the challenges posed by Euro
norms.

The paper presents exhaust emission tests of a vehicle
meeting the Euro 4 norm, in which tests were carried out on
a chassis dynamometer in accordance with the currently
applicable type approval regulations. The test vehicle has
been prepared and instrumented in such a way that it was
possible to determine its ecological indicators. A new pro-
prietary M toxicity index has been proposed, which is based
on the use of carbon dioxide measurements (e.g. the emis-
sion intensity of this compound). The values substituted
into its structure must be expressed in the same units, which
will allow for its dimensionlessness and comparative analy-
sis of vehicles of different categories.

In order to meet the requirements of the Euro 4 norm in
motorcycles, there was no need to seek advanced control of
the fuel supply system, or relying on direct injection. It was
also not necessary to use electronically controlled throttles.
From January 1, 2020, a new emission norm — Euro 5 for
newly manufactured motorcycles will come into force.
Given its guide-lines, it is expected that manufacturers in
the near future will be forced to apply the solutions current-
ly commonly used by car manufacturers. Probably the fu-
ture will mostly rely on turbocharged engines, with direct
injection and variable valve timing. Taking into account the
construction of the test vehicle and the results of the re-
search, it can be stated that:

— Using an electronically controlled throttle would be
beneficial. This would reduce HC emissions primarily
by compensating for rapid throttle openings.

— Striving for the fastest and most frequent engine opera-
tion in steady state mode would contribute to reducing
CO and NO, emissions. One way to achieve this could
be to use a coolant pump that is disconnected during
cold start. To do this simply, the pump should be elec-
trically driven and controlled by a separate program in
the engine control unit. This would in-crease the speed
of warming up the engine to its operating temperature,
which would reduce the time operating on rigid maps
and allow faster work in closed loop mode.
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Analysis of the possibility of using a rotary engine based electric generator to propell a powered sailplane.

The paper presents analysis of utilising Wankel type enine as a power input for an electric generator in the
motor glider propulsion system. This generator would be a part of the propulsion system of a hybrid motor
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diagram of the hybrid drive is presented. The electric generator was selected and its effectiveness, as well as the
effectiveness of entire propulsion system was assessed from the motor glider's performance point of view. Basing
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1. Introduction

Aviation designs, especially in relation to light aircraft,
are increasingly often equipped with electric propulsion [1,
2]. The electric motors drive the propellers to generate
thrust. The use of electric motors brings a number of ad-
vantages such as [15]: a) low level of vibrations generated
by the drive unit, b) high unit power (power to weight ratio
of the electric motor), c) flat torque waveform available
from low engine speed, thanks to which the propeller can
cooperate with the engine at high efficiency. The energy
needed to run these motors can be obtained from batteries.
This is the easiest way to configure such a power unit. Un-
fortunately, the still large mass of batteries and their low
energy density limit the payload carried on board the plane
and the range of the aircraft [5-10]. To overcome these
disadvantages a hybrid propulsion can be considered —
a propulsion in which an additional source of energy, espe-
cially an internal combustion engine, will be installed on
board. The application where the electric motor driving the
propeller draws energy from a set of batteries and a genera-
tor driven by an internal combustion engine is called
a series hybrid [7]. The diagram of the series hybrid drive
system is shown in Fig. 1 [8].

Fig. 1. Series hybrid system

In systems with a high degree of hybridization, the
combustion unit and the electric generator are used to re-
charge the battery and maintain its capacity, thus increasing
the range and duration of the flight. The system of an inter-
nal combustion engine and an electric engine cooperating

as an electric energy generator is called a range extender in
the English literature. The article will describe the method
of selecting such a propulsion for a light aircraft.

2. Description of the research object

The research object used to carry out the research is the
AOS H2 motor glider airframe. developed by the consorti-
um of Rzeszéw University of Technology, Warsaw Univer-
sity of Technology, AGH University of Science and Tech-
nology and Zaktad Szybowcowy Jezow Henryk Mynarski.
It is in use at the Department of Aerospace Engineering of
Rzesz6w University of Technology as a research object. It
is built in the arrangement of a cantilever high-wing with
classic empennage. The materials used for its construction
were mostly carbon fibre reinforced epoxy composites,
with some parts made of glass and aramid fibers. The pow-
ered sailplane has a single-spar wing with an auxiliary rear
spar. The fuselage with the tailplane is a single-piece semi-
monocoque structure. The aircraft has a hybrid propulsion,
where the energy needed for take-off and flight comes from
both the Li-Poly battery pack, located in the front part of
the fuselage, and the hydrogen fuel cell, located behind the
pilot's cabin in the fuselage. The power unit consists of the
EMRAX 268 engine located on a fixed mast in the rear part
of the fuselage and a two-bladed wooden propeller. The
view of the powered sailplane is shown in Fig. 2.

Fig. 2. The AOS H2 motor glider
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Table 1 shows the basic data of the airframe, while Fig.
3 present the values of power required for the flight for this
airframe depending on the flight speed.

Table 1. Basic data of the AOS H2 motor glider [13, 14]

Wing area S [m?] 15.8
Wing span R [m] 16.4
Aspect ratio A 17

Maximum take-off mass Minax [kg] 660
Minimum motor glider mass Mumin [kg] 500

Fig. 3. Power required for flight in the function of flight speed — for the
AOS H2 motor glider; M. = 660 kg [13, 14]

In the analyzed case, the hydrogen fuel cell was re-
placed with an internal combustion engine cooperating with
an electric generator. The diagram of this drive is shown in
Fig. 4.

Fig. 4. Diagram of the hybrid propulsion system with an internal combus-
tion engine for the AOS motor glider: 1 — battery, 2 — fuel tank, 3 — Emrax
188 engine working in generator mode, 4 — Wankel AG 407 TGi engine

3. Cooperation of a rotary engine and an electric
generator

In the serial hybrid system adopted for analysis, the
generator should meet the following assumptions:

— high unit power,

— low level of vibrations generated by the drive unit,
— easy-to-use,

— high level of reliability [15].

In the analysis, the Wankel AG 407TGi rotating piston
engine was selected to drive the electric generator. This
choice was dictated by the advantages of rotary piston en-
gines, such as low engine weight, low vibration levels and
high drive torque compared to reciprocating piston engines.
The engine runs on a mixture of gas and two-stroke oil in
the ratio of 100:1 — which significantly simplifies its design
and weight (no lubricating oil system needed).

Table 2 presents a comparison of selected data of sever-
al internal combustion engines with a similar power range
used in general aviation.

Table 2. Technical data of internal combustion engines[15, 16]

Engine 407TGi | Rotax Rotax
125 28
Max
Maximum engine Ninax [KW] 31.5 25 28
power
Maximum torque Max [Nm] 51 22 -
Engine mass m; [kg] 20 29 58
Revolutions for NMmax 4000 10,500 -
Minax [rev/min]

Table 2 shows that the Wankel engine has a relatively
high unit power indicator (power related to the dry engine
mass) among the remaining engines. In addition, it has
amuch higher torque than the I-cylinder Rotax engine,
which is available at low rotational speed. An additional
advantage of using this type of engine will be less vibra-
tions generated by a rotary engine than a traditional high-
speed single-cylinder unit, which will favourably affect the
fatigue strength of the engine and airframe structure.

In order to determine the scope of cooperation, it was
necessary to determine the rotational characteristics of the
combustion engine. Figure 5 shows the view of the test
stand with an electro-swirl brake.

Fig. 5. Stand for testing engine characteristics

The determined rotational characteristic, presented in
Fig. 6.

Fig. 6. Rotational characteristics of the 407tgi

The characteristics presented in Fig. 6 show that the
highest torque values of the Wankel engine (above 28 Nm)
range between 3500 rpm and 5000 rpm, while the maxi-
mum torque (53 Nm) corresponds to the power of about
22.5-23 kW. In these ranges the engine achieves its best
thermal efficiency, which means the ratio of the power
delivered to power consumed is highest with the highest
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torque parameters that the engine can achieve. At the same
time, the engine manual [17] provides the value of the min-
imum unit fuel consumption (0.3 kg/kWh) for the rotational
speed of 4000 rpm, which corresponds to the power devel-
oped by the engine at the level of 22 kW. This range of
combustion engine operation was adopted as the most fa-
vorable for regenerative operation.

For the cooperation of the internal combustion engine
and the electric motor, the operating range of the electric
motor should be selected so that — the characteristics of the
electric motor (in particular, the ratio of power to the ob-
tained revolutions) matched the characteristics of the inter-
nal combustion engine in the range close to the rotational
speeds of the piston engine shaft corresponding to the rang-
es of maximum torque and the lowest specific fuel con-
sumption — this is to ensure high efficiency of generating
electricity — in the event of an emergency, when it is neces-
sary to increase electricity production (beyond the range of
steady operation), the electric motor should develop a max-
imum power greater than the maximum power of the inter-
nal combustion engine — this is to avoid damage to the

On the basis of the characteristics of the engines, it can
be concluded that the most favorable operating range of the
generator set will be the range from 3700 rpm correspond-
ing to 20 kW of power, to 4700 rpm corresponding to
25 kW of power. At these points, the characteristics of the
motors intersect, and between these points the characteris-
tics nearly overlap, differing of up to about 0.5 kW.

Due to the fact that the engine with a rotating piston
achieves the lowest specific fuel consumption at 22 kW of
developed power at 4000 rpm of the engine rotational
speed, this operating point was adopted for the generator
operation. The fuel mass assumed to run the generator is
7 kg. The total weight of the fuel, fuel system, internal
combustion engine, electric engine and their accessories
was approximately estimated on the basis of the technical
parameters of the elements of the proposed modification.
A mass balance of the energy source was made in order to
relate it to the take-off mass of the aircraft. The analysis is
summarized in Table 5.

Table 5. Specifications of the hybrid battery set

electric motor [12]. Emrax 188 engine was chosen as the System Mass [kg]
generatig unit with the following technical data (given in Fuel tank-+fuel sstem 15
Table 4). Engine inverter 7
High-current wiring 73
Table 4. Technical data of the Emrax 188 engine [16] Battery set 60
- Battery inverter 8
Engine Emrax 188 - -
Generator inwerter 10
Continuous power Neonst [KW] 32 Wankel 407 tgi ice 25
Peak power Ninax [KW] 50 Fuel 7
Continuous torque Meonse [Nm] 60 Generator (Emrax 18.8) 7
- Generator control unit 30
Engine mass m, [kg] 6.8 Complete system 176.3

Together with the factory-dedicated control system [16],
this engine is able to operate in generator mode with the
efficiency of 98%.

As can be seen from Table 4, the choice of this engine
was dictated by similar values of the obtained maximum
continuous power. Moreover, the Emrax 188 and Emrax
268 powering the propeller, belong to the same group of
engines. Hence completing the entire propulsion and inte-
gration of the electrical system will be easier based on pre-
vious experience

Figure 7 presents the characteristics of the Emrax 188
and Wankel 407TGi engines. The characteristics of the
Emrax engine were obtained from the manufacturer's ma-
nual [16].

Fig. 7. Rotational characteristics of the 407tgi

In relation to the take-off weight of 660 kg, the weight
of the drive unit is 26% of the take-off weight. The selected
generator system works with a set of batteries of the param-
eters given in Table 6.

Table 6. Specifications of the hybrid battery set

Battery type Li-Poly -
Capacity C [Ah] 16
Voltage Upa [V] 355

After determining the appropriate range of cooperation
between the internal combustion engine and the electric
engine, it is possible to determine the energy stored on
board the aircraft using the following formula [1]:

E =1-3600 [s] - Upy + Ngen * (Ns - t5) (D
were t; — generator working time
_ _Mpal

S 7 SFCNg 2)

where: SFC — specific fuel consumption, Ns — engine po-
wer during generator operation mode.

The energy stored on board the powered sailplane is
sufficient for 2 hours and 40 minutes of flight at a speed of
100 km per hour after take-off at an altitude of 500 m.

The presented range value was calculated by dividing
the energy stored on board by the power necessary to main-
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tain level flight under the selected flight conditions, related
to the efficiency of the engine:

E
t =5 3)

ns

The methodology of determining energy parameters for
the AOS H2 motor glider was presented in the doctoral
dissertation [12].

For comparison, the AOS 71 powered sailplane with
electric drive for the same flight conditions will be able to
use the energy stored in the batteries only for about 40
minutes.

4. Results of research conducted and conclusions
Based on the presented research, it can be concluded
that in the application of a series hybrid, the rotating piston
engine provides sufficient performance. Compared to other
piston engines of similar power, it has a lower weight, and
due to its design, it generates a lower level of vibrations.

This is extremely important in relation to aircraft construc-
tion. In addition, a Wankel engine operating at a fixed rota-
tional speed of the engine shaft should maintain high relia-
bility and durability (which will be subject to further re-
search by the authors of the article). With regard to purely
electric propulsion, the use of serial hybrid propulsion,
assuming unchanged take-off weight, allowed for a signifi-
cant increase in the duration of the unit's operation, which
will translate into an increase in the endurance and range of
the flight.

The presented research shows the achievements of the
authors to date in the use of a rotating piston engine as
a drive for an electric generator. Currently, detailed studies
of the performance characteristics of the internal combus-
tion engine are being carried out (in cooperation with Bos-
mal). The next step will be the integration of the combus-
tion and electric units.
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1. Introduction

Transport has a significant impact on the natural envi-
ronment through the emission of harmful substances. The
consequence of its negative impact include climate chang-
es, which leads to, among others, melting glaciers, shrink-
ing Arctic sea ice sheets, rising sea levels, changing the
structure of precipitation and intensification of extreme
weather events [1]. To reduce emissions, the European
Union has set a climate and energy plan that covers the
period up to 2050. One idea is to reduce transport emissions
by 60% compared to 1990. As passenger vehicles account
for 61% of all CO, emissions from road transport, steps
have been taken to reduce their environmental impact (Fig.
1). More and more restrictive requirements are introduced,
and manufacturers, in order to obtain approval, must meet
the conditions provided for in the emission standards [2]. In
addition, the new regulations include tests under real driv-
ing conditions, which better reflect pollutant emissions and
complement laboratory tests [3].

Fig. 1. Share of CO, emission of each transport type [3]

Poland is one of the most motorized countries in Eu-
rope. There are 617 passenger vehicles per 1,000 people (as

of 2018) [4], which is associated with an increase in traffic,
especially in larger cities such as Poznan (Table 1). Accord-
ing to the results presented by TomTom International BV,
the volume of traffic in Poznan is systematically increasing.
In 2019, a 5% increase in traffic was recorded as compared
to the previous year [5]. This creates a number of problems,
incl. difficulty in finding a parking space. Having a large
number of vehicles makes it very difficult to park near your
destination. This mainly applies to places visited by a large
number of people, such as shopping malls or the city center.

Table 1. Countries in the European Union with the highest number of
passenger vehicles per 1,000 inhabitants [4]

Number of passenger cars per 1000 inhabit-

Country ’ an?s in 20 1%
Luxembourg 676
Italy 646
Cyprus 629
Finland 629
Poland 617
Malta 608
Germany 567
Estonia 563
Austria 562
Slovenia 549

Areas around parking lots are considered a source of
harmful substances from exhaust emissions. Pollutants are
emitted by vehicles entering and leaving, as well as when
the engine is idling or warming up, which is more typical
for the winter period [6]. In addition, parking lot users are
exposed to the harmful effects of toxic compounds due to
the proximity of the source. It is especially important in
closed car parks. The increase in exhaust emissions in
closed spaces, such as multi-storey car parks, which are not
adequately ventilated, has negative effects on human health
[7]. Diseases caused by inhaling car exhaust fumes include:
asthma, chronic lung diseases, inflammation of the respira-
tory tract, cancer, as well as heart and nervous system dis-
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eases. The negative impact of passenger vehicles on the
environment makes it important to be limiting the traffic
volume, such as by selecting the optimal route [8]. The
solutions associated with Intelligent Transport Systems [9—
11] may facilitate the process of parking a vehicle.

The aim of the presented work is to perform a multi-
criteria analysis of the parking space selection at a shopping
mall, focusing on reducing, among others, travel time, pol-
lutant emissions and fuel consumption. In addition, consid-
eration was given to finding the optimal parking space in
the process.

2. Method

The road tests were performed at a multi-storey car park
located at one of the shopping malls in Poznan. The aim of
the measurements was to analyze exhaust emissions during
trips in individual zones of the building. The research was
divided into stages. Each part corresponded to a particular
zone of the car park in which the drive test was performed
reflecting the regular use of the car park, i.e. ground floor,
1st floor, 2nd floor, exit (Table 2). As the infrastructure of
multi-storey car parks is usually quite extensive, and in the
analyzed case the entrance to the car park was located in a
different place than the exit, the point at the nearest inter-
section was assumed as the beginning of the measurements
including the entrance and the end of emission measure-
ment during the exit from the car park.

Table 2. Description of the conducted test drives

Test stage Performed tests

Entering the ground floor of the car park and

Ground level searching for a parking space on this level

Immediately after entering the parking lot, the

Level 1 vehicle was directed to the first floor and went on
to search for a parking space on that floor
Immediately after entering the parking lot, the
Level 2 vehicle was directed to the second floor and went
on to search for a parking space on that floor
Exit Leaving the parking space, leaving the second floor

and leaving the parking lot

PEMS equipment was used in the tests for measuring
exhaust emissions in real operating conditions. A mobile
Semtech-DS unit (Fig. 2) was used, which allows to meas-
ure and record the concentrations of several gaseous ex-
haust compounds. The device includes analyzers with
which it is possible to measure individual compounds in the
exhaust gas. The exhaust gases at a temperature of 191°C
from the exhaust system first go to the Flame Ionization
Detector (FID), which is responsible for measuring the
THC concentration. Then the exhaust gas passes through
the cooler, where it is cooled to a temperature of 4°C, and
after being cooled, it is directed to the NDUV analyzer
where the NO, concentration is measured. Then the NDIR
analyzer using infrared is responsible for measuring the
concentrations of CO and CO,. The emission rate of indi-
vidual compounds is obtained through calculations based
on data from an exhaust gas flow meter recording the mass
flow rate. Additionally, it is possible to connect data from
the OBD and the GPS on-board diagnostic system to the
results.

The test runs were made in real road traffic conditions
with the use of a Skoda PC (Passenger Car) (Fig. 3), pow-
ered by a turbocharged spark ignition engine. The test vehi-
cle met the Euro 6 emission standard, which was achieved,
among others, by using a dual injection system using direct
injection into the cylinder along with a multi-point injection
into the intake manifold. The vehicle was equipped with
a TWC (Three Way Catalyst) catalytic converter. Table 3
presents the test vehicle’s technical parameters.

Fig. 2. The SEMTECH-DS exhaust measurement device

Table 3. Basic technical data of the test vehicle

Parameter Unit Value
Ignition type - spark
Eneine type B 4 cylinders/in-line,
sine typ 4 valves/cylinder
Displacement dm’® 1.8
Nominal power kW/rpm 132/5100-6200
Nominal torque N-m/rpm 250 /1250-5000
turbocharger, fuel supply
Equipment - system — direct gasoline
injection TSI, TWC
Emission norm - Euro 6

Fig. 3. The test vehicle Skoda Octavia III

3. Test results

During the tests carried out in real operating conditions,
the operating parameters of the vehicle as well as its loca-
tion and movement were recorded using the GPS and the
vehicle's on-board diagnostic system. Thus the distance
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traveled (Fig. 4) and the average speed of the vehicle (Fig.
5) were determined. The routes of individual test drives
differed in length. The longest measuring section was rec-
orded for the route marked as the ground floor, and its
length was 327.2 m. The remaining routes were noticeably
shorter (the passage through level 1 was the shortest). The
differences in relation to the longest tested drive section,
and the other test routes, were at the level of about 30% to
60% and resulted mainly from the building internal layout
as well as the time spent searching for a parking space. The
mean speed values for the individual routes were very simi-
lar to each other and were in the range of approx. 5.4 km/h
— 10.7 km/h. The smallest value was recorded during the
drive in the ground floor zone, where the speed was about
5.4 km/h. The reason for the lowest speed values measured
in this zone was the high volume of vehicle and pedestrian
traffic. This level is the only one meant for entering and
exiting the building. The shorter distance and higher mean
speeds characterizing the drives along the remaining routes
were mainly due to the shorter duration of searching for
a parking space on higher storeys of the car park. The drive
defined as an exit was characterized only by leaving the
parking lot without looking for a parking space, and this
was the reason for obtaining the highest mean speed value
(at the level of 10.7 km/h).

Fig. 4. Comparison of the distance travelled for each test stage

Fig. 5. Comparison of the mean vehicle travel speed for each test stage

The vehicle speed and the emission intensity of the ana-
lyzed exhaust components during the trip on the ground
floor were shown in Figure 6. During vehicle acceleration
the emission intensity of all measured exhaust components
increased. This was due to the fact that the individual accel-
eration maneuvers were all very short-lived — the engine

was still operating in transient states while performing
them. In addition, the acceleration of the vehicle increases
the engine speed and load, which naturally results in
a greater emission of exhaust gases emitted by the vehicle
engine. This phenomenon may contribute to a greater ex-
haust emission intensity for individual exhaust gas compo-
nents, even if the change of thermodynamic parameters in
the combustion chamber would contribute to a reduction in
the concentration of any exhaust gas component.

Fig. 6. Vehicle speed along with the CO,, CO and HC emission intensity
observed while driving on the ground floor

The CO, emissions from combustion-powered vehicles
are closely related to their fuel consumption. Figure 7
shows the emission of carbon dioxide emitted in individual
test drives. Generally, it can be assumed that when looking
for a parking spot, CO, emissions increase with the increas-
ing distance traveled necessary to park the vehicle. Howev-
er, this relationship was not direct, and the CO, emission
value was also influenced by the nature of the drive. In the
ground floor zone, where traffic is greatest, the vehicle
would often brake and then start moving again. Accelerat-
ing the vehicle, i.e. the sudden change in engine load, re-
quires energy, which is obtained from the fuel. With
smooth driving, fuel consumption, and, as a result, CO,
emissions were much lower. The described conditions are
most evident for the measurement defined as the descent.
This is due to the nature of the drive, which includes the
exit from the multi-storey car park, starting from the second
floor. Thus, in this case, the vehicle is travelling down
slopes from the top to the bottom levels of the car park, and
thus the engine is operated at a lower load.

Spark ignition engines are characterized by an increased
emission of carbon monoxide compared to compression
ignition engines. This is due to the fact that the engine runs
on rich mixtures at high loads. The highest emissions CO
was characterized by the passage in the ground floor stage,
reaching approximately 338 mg (Fig. 8). As mentioned, this
zone is characterized by high vehicle traffic intensity and
pedestrian movement. This forces constant speed changes
that affect the engine load, and thus also the carbon monox-
ide emissions. The smallest emission of CO (approx. 94
mg) was emitted by the vehicle during the test defined as
level 1, which is approximately three and a half times less
than in the ground floor stage.
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In addition to carbon dioxide and carbon monoxide, the
research was supplemented by measuring the hydrocarbon
emissions. During the test drives, the highest emission of
these compounds was observed in the ground floor stage
tests (almost 70 mg, Fig. 9). The smallest HC emission was
measured during a run on level 1 (approx. 5.9 mg). During
the level 2 and down slope driving, the vehicle emitted
approx. 27 mg and 17.3 mg HC, respectively, which is still
much lower than when travelling through the ground floor.

Fig. 7. Comparison of CO, emissions for each test drive stage

Fig. 8. Comparison of CO emissions for each test drive stage

Fig. 9. Comparison of THC emissions for each test drive stage

4. Results analysis

In order to fully establish the impact of the parking spot
selection method within a multi-storey car park, it is neces-
sary to know the emissions both when entering and leaving
the car park. As the conducted research is the Authors' initial
approach to the subject of the environmental impact of vehi-
cles using a multi-storey car park, the analyzes of the total
emissions (entry and exit) were estimated using the recorded

emission results when leaving the second floor of the car

park. For this purpose, the recorded exit from the parking lot

has been divided into individual fragments (Fig. 10):

I —moving from the parking spot to the exit to the lower
level,

II — moving down a level,

IIT — moving between the exit ramps and leaving the car
park,

IV — moving back to the starting point.

Fig. 10. The velocity in individual stages of leaving the second floor of the
analyzed multi-storey car park

When estimating the total emission from the whole
drive test within the analyzed car park for entry and exit
points, a methodology was adopted where the emission
values recorded during the entrance to the car park and the
appropriate combination of phases including the exit from
the car park were all summed up (Table 4).

Table. 4. The three parking scenarios

Scenario Analyzed data
. Moving through the ground level and exiting
Ground floor parking the car park (sections: I, III-2 and IV)
. . Moving through level 1 level and exiting the
Lst floor parking car park (sections: I, II-1, III-2 and IV)
2nd floor parking x(r)lzmg through level 2 and exiting the car

As a result of the analyzes in terms of the nature of the
drive tests parameters (distance, time, mean travel speed)
were shown in Fig. 11. When analyzing the nature of the
entire drive through a multi-storey car park, it can be no-
ticed that the greatest distance was traveled by a vehicle
parked on the ground floor (482.5 m). This situation reflects
the long-term search for a parking spot in a heavily crowd-
ed part of the parking lot - the time between entry and exit
was 267 seconds while the test lasted, and the mean vehicle
speed was 6.5 km/h. Parking on the second floor, which
means parking in a theoretically more distant place, resulted
in travelling a distance of 430 m. This means a reduction of
the distance traveled by approx. 52 m (-10%). The travel
time decreased by 44%, and the average travel speed was
increased by approx. 60%. The shortest distance and the
shortest time traveled were both observed for the vehicle
when parking on the 1st floor.
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Fig. 11. The distance, time and average speed of the vehicle movement
during different parking scenarios in a multi-storey car park

Exhaust emission values for the adopted scenarios of
finding a parking spot a multi-storey car park, estimated in
accordance with the methodology discussed, including both
entry and exit to and from the car park, have been shown in
Fig. 12. In the analyzed case, the least favorable, in terms of
the total emission of harmful exhaust gases, was parking on
the ground floor of a multi-storey car park. During this test
drive, the vehicle emitted 405 g CO,, approx. 436 mg CO
and approx. 81 mg HC. Parking on the 1st level was found
to be the most favorable in terms of total emissions. The
emission from a vehicle parking on the 1st level were lower
for each of the analyzed exhaust compounds: —50% CO,, —
53% CO and —75% HC comparing to parking on the ground
floor. The emission of compounds when parking on the 2nd
floor was greater than when parking on the 1st floor, but
these values were still lower than when parking on the
ground floor.

Similar relationships can be observed in the field of
specific distance emissions (Fig. 13). Despite comparing
the emission of compounds to the distance traveled by the
test vehicle, parking in the crowded part of the parking lot —
so parking on the ground floor was characterized by the
highest exhaust emission values. In relation to the distance
traveled, the lowest CO,, CO and HC emission values have
been observed when parking on the 1st level of the tested
multi-storey car park (respectively 48%, 52%, 74% less than
when parking on the ground floor) Proportional relations, as
in the case of specific distance CO, emissions, was obtained
in the case of the vehicle fuel consumption (Fig. 14).

Fig. 12. The total emission of harmful exhaust components in different
parking scenarios in a multi-storey car park

Fig. 13. Specific distance emissions of harmful substances during various
parking scenarios in a multi-storey car park

Fig. 14. The operational fuel consumption values during various parking
scenarios in a multi-storey car park

5. Conclusions

The floor 1 drive stage was characterized by having the
shortest distance travelled, while the vehicle covered the
longest distance in the ground floor stage. Due to the vol-
ume of traffic, finding a parking spot on the ground floor
was significantly more time-consuming, and the high level
of congestion comes from the desire od people to park right
after entering. However, this leads to an increase in the time
needed to search for a free spot. This time can be signifi-
cantly reduced by entering a higher level of the car park,
which is not so often chosen by other drivers. According to
the obtained results the optimal choice was floor 1, which
was a compromise between congestion (less than on the
ground floor) and the length of the access route (shorter
than to floor 2). Due to the high volume of traffic, the low-
est average speed was observed for the stage on the ground
floor, and the highest for the exit drive. The fuel-
consumption related CO, emissions were lowest for the
drive at floor 1 and highest on the ground floor. Taking the
operating costs and the emission of harmful substances as
a criterion (depending, among others, on fuel consumption),
the best choice was concluded to be entering the 1* floor to
find a spot. Parking on the ground floor, on the other hand,
was unfavorable, including due to the CO and HC emis-
sions, which then reached the highest value.

The considerations were supplemented with an extended
analysis of the test drives. After compiling the three scenar-
ios of route stages within the parking lot, taking into ac-
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count the entrance to and exit from the multi-storey car
park next to a shopping mall, it can be concluded that look-
ing for a parking spot on the ground level is the worst

choice taking into account all the considered criteria (dis-
tance, time, mean speed, specific distance emissions and
fuel consumption).

Nomenclature

CO carbon monoxide

CO, carbon dioxide

FID flame ionization detector
GPS global positioning system
NDIR non-dispersive infrared

NDUV non-dispersive ultraviolet

NO, nitrogen oxides
OBD  on-board diagnostics
PC passenger car

PEMS portable emission measurement dystem
THC  total hydrocarbons
TWC  three way catalyst
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1. Introduction

The application of the heavy armored vehicles featuring
a weight of approximately 30 tons on the battlefields of the
First World War, necessitated the use of the adequately
powerful engines for their propulsion. These engines had to
provide the required speed of the vehicles and the ability to
overcome the terrain destroyed by the warfare. Initially, it
was assumed that the speed of tanks should be close to the
speed of a movement of infantry. Therefore, the first tanks
introduced developed a speed up to 6 km/h (e.g., British
Mark I-IV tanks. For their propulsion one or two mass-
produced vehicle engines were sufficient. It quickly became
apparent that a fireteam of infantry moving through the
damaged terrain could not keep up with the tanks, and the
vehicles themselves were destroyed or captured by the
enemies. Therefore, on the one hand the works on the ar-
mored infantry carriers (the first was the British Mark IX
carrier) were commenced, and on the other hand more
powerful engines were searched for. Such engines should
provide an increased speed of tanks making it difficult to be
targeted by a projectile, and to overcome the difficult ter-
rain. For this purpose, the aircraft engines were considered,
which were adapted for a propulsion of the tanks. The de-
velopment of engines for aircraft and land vehicles pro-
ceeded in parallel [10]. However, the rapid development of
weaponry and warfare necessitated a partial fusion of the
development paths of these engines.

The purpose of this article is to present a solution to the
problem of providing the necessary number of 300-500 hp
engines to power tanks and other heavy land vehicles,
which developed fast in the first half of the 20th century.
This was necessary to achieve the expected mobility pa-
rameters of tanks. The basic comparative indicator of such
mobility was the unit power of a tank as a ratio of power to
vehicle weight (hp/t). For this purpose, some aircraft en-
gines were adopted. Solutions of such aircraft engines and
their assemblies are presented, and the results of such adap-
tations are evaluated.

During the description of the engines presented in the
photographs and the specification of their structure and
operational parameters, mainly the descriptions of the pre-
sented engines were used, as they were presented on the
descriptions of the tanks and engines displayed in muse-
ums. These data may differ slightly from the data from
other sources.

2. First tank engines

The first British tanks used during the First World War
(Mark I-Mark IV) were powered by the 6-cylinder Daimler
— Knight engines with a displacement of 13 dm’ and power
of 76 kW (105 hp) at the speed of 1000 rpm (Fig. 1). The
producer of these engines was an independent British com-
pany, The Daimler Company Limited, whose founder
bought the rights to use the Daimler business name from
Gottlieb Daimler and an ownership title to the Daimler-
Motoren-Gesellschaft. This company acquired the rights to
use the sleeve valve timing mechanism in its products from
Charles Knight. When this design was perfected, it pro-
duced an engine that ran quietly because it did not have
many of the moving parts of a valve train system (valves,
springs, pushrods). Its combustion chamber was spherical
in shape, which ensured a low heat loss.

Fig. 1. The Daimler — Knight engine in the Mark II tank (The Tank Muse-
um at Bovington Camp in Dorset, photo by the author)
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The engines from the Daimler factory caused a sensa-
tion and were mass produced by the company. These en-
gines featured a wide power range and powered a variety of
vehicles. Their popularity caused the company to discon-
tinue the manufacturing of the overhead valve engines until
the 1930s. The Daimler engines used in the first tanks were
not aircraft engines, but sleeve valve timing technology also
found its way into many piston aircraft engines with the
inline or star cylinder positions, including the Napier high-
performance engines with the H-type cylinder arrangements.

The quiet operation of the Daimler-Knight engines was
their significant advantage when the engine was operated
without a cover in the open interior of the tank. The crew
was not exposed to the much higher noise levels that head
valve engines would emit. The disadvantage of these en-
gines constituted the unreliable lubrication systems, the
unreliability of which increased as speed increased. This
caused the frequent engine faults. In addition, a significant
oil consumption resulted in a bluish exhaust gas color that
showed the positions of the tanks powered by the engines.

The boost in engine power by increasing the combustion
pressure and speed required the new engine solutions for the
subsequent versions of the British tanks. This was due to the
need to increase the speed of the next versions of the tanks,
which weighed up to 40 tons during the First World War.

Tanks of the 38-ton Mark VIII version being the result
of the British-American cooperation had a separate engine
compartment with the engine in the rear part of the hull.
Ricardo V-12 engines of 220 kW (300 HP) were used to
drive the British version of the tank, while the American
tanks were powered by the Liberty V-12 aircraft engines of
249 kW (338 hp) at 1400 rpm (Fig. 2) [11].

Fig. 2. The Liberty V-12 engine to power tanks (The Tank Museum at
Bovington Camp in Dorset, photo by the author)

The Liberty V-12 engines were developed for the avia-
tion [5]. They were designed so that to have a maximum
power-to-weight ratio and should be easy to mass produce
and service. The various versions of this engine were de-
veloped differing in the quantity and configuration of cyl-
inders. They were 4- and 6-cylinder engines in the inline
versions and from 8 up to 12 cylinders in the ‘V’ shape
versions (prototype version even had the L-8-cylinders
mounted in a straight line). Later engines did not exceed 6

cylinders in a straight line. The versions of the engines with
the inverted cylinders, facing downwards, supercharged
versions of the engines were also developed. The largest
engine was the X-24 (24 cylinders in the ‘X’ layout), 12 of
which were in two rows facing up and 12 cylinders facing
down.

The Liberty engine was designed in a record short time
of less than two months. It had single steel cylinders bolted
to an aluminum crankcase. The cylinders were expanded at
the top to allow for larger valve diameters (Fig. 3). The
jackets of the liquid cooling system were welded to the
cylinders. Individual camshafts for each row of valves were
rotated by means of king shafts and bevel gears. Ignition
distributors were mounted on the ends of the shafts. The
design of the cylinders and camshaft drive was based on the
Mercedes Benz D.III engine for the German aircraft, as
well as the solutions of other aircraft engines.

The cylinders of the Liberty engine were forked at the
angle of 45°. The V-12 twelve-cylinder engine had a capac-
ity of 27 dm”, the ratio of stroke to piston diameter was of
1.4 (S/D = 178%127 mm), and its compression ratio was € =
= 5.4; compression ratio of the engine was lowered in the
non-aircraft versions. In the tank version, the output of the
Liberty engine was of 250 kW (340 hp) at 1400 rpm [11].

A major advantage of the Liberty engines constituted
their modularity, that enabled to create the engines with the
different numbers of cylinders and their configuration. The
engine also had design flaws that were partially corrected,
however vibration during engine operation was not com-
pletely eliminated. Its durability was not high.

Fig. 3. Combustion chamber of the Liberty V-12 engine (The Tank Muse-
um at Bovington Camp in Dorset, photo by the author)

3. The engines from the period of the Second
World War
The rights to produce the Liberty V-12 engines were
acquired by the British before the Second World War. They
planned to use these engines to power the fast Cruiser MK
IIT and MK 1V tanks and their subsequent versions (Cru-
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sader, Cavalier and Centaur). These engines developed 250
kW (340 hp) running at 1500 rpm. This was not sufficient
to drive next generations of tanks featuring the increasing
weight and to provide them with a sufficiently high ratio of
power to vehicle weight. It was necessary to search for the
more powerful engines. In the beginning, the power of
Nuffield Liberty engines produced in Great Britain was in-
creased. Despite obtaining 310 kW (410 hp), the assumed
unit power of tanks of 20 hp/ton (15 kW/t) was not achieved.
Therefore, it was decided to adapt the Rolls-Royce aircraft
engines to power the tanks.

Initially, the use of the Rolls-Royce Kestrel engines was
considered, but they did not provide the required unit power
and larger engines were necessary. The Rolls-Royce Merlin
met these requirements. In the aircraft version, these were
engines in a V-12-cylinder configuration with supercharg-
ing by mechanically driven compressors (Fig. 4). These
engines were commonly used to power the British fighter
and bomber aircraft. Their adaptation to the tank propulsion
was not difficult, although many significant changes had to
be made. This primarily involved removing the air com-
pressors and their transmission systems, building liquid
cooling systems for the engines with air fans, making
changes to the lubrication and fuel supply systems, and
making the auxiliary engine units drive from the camshafts
on each head. In the land version, the engines were fueled
with low-octane gasoline instead of high-octane jet fuel.

Fig. 4. The Rolls-Royce Merlin engine with centrifugal compressor (Royal
Museum of Army and Military History, Brussels, photos by the author)

The land version of the engines, known as the R-R Me-
teor, had a power output of 450 kW (600 hp) at 2500 rpm
(Fig. 5) [6]. The piston stroke was equal to 150 mm, the
cylinder diameter was of 140 mm, and the compression
ratio depended on the version (from € = 6:1 to € = 7:1). The
use of these engines to drive the 28-ton Cromwell tanks
(A27T Cruiser Tank) provided the specific tank power at
the required level of 21.4 hp/t (16 kW/t) and cruising
speeds up to 64 km/h tanks and engines.

These engines powered many post-war British tanks,
which were originally the upgraded versions of the Crom-
well tank such as the Comet A34 (weight of 33 t) and the
Challenger A30 (weight of 32 t). They were also used to
propel the later tanks with much higher weight which re-
sulted in reduction of their speed. For example, the Centu-
rion tank had a weight of 52 ton and its maximum speed

was of 35 km/h, while the experimental Tortoise tank with
a weight of 79 ton had a speed of only 20 km/h.

The Rolls-Royce Meteor M120 gasoline-injected en-
gines were developed to power the 64-ton Conqueror (FV
214) heavy tanks. These engines developed 810 hp (640
kW) and provided the tank with a cruising speed of up to 35
km/h. A smaller version of this engine designated as the
Rolls-Royce Meteorite was also developed with a V8 cyl-
inder configuration and a displacement of approx. 18 dm”.
They were used to power wheeled tractors, small ships, and
stationary equipment. The power output of these engines
was of 190 kW (260 hp) at 2300 rpm in the Mk. 204 ver-
sion, and in the Mk. 202B version the engine developed
380 kW (520 hp) at 2700 rpm.

Fig. 5. The Rolls-Royce Meteor engine without any compressor [6]

The aircraft engines were commonly used to power the
American light and medium tanks and many other tracked
(floating) vehicles within a period of the Second World
War. The Continental R-670 engines (factory designation
W-670) were used to power the M1, M2 and M3 light tanks
and the different varieties of the LVT (Landing Vehicles
Tracked) tracked amphibious vehicles used in landing ope-
rations. They were 7-cylinder engines of about 180 kW
(250 hp) at 2400 rpm, with a star cylinder arrangement of
a capacity of circa 11 dm’ (piston stroke of 117.5 mm,
cylinder diameter of 130.2 mm) and a weight of circa 200
kg [11]. The engines were air-cooled, which required
a suitably large blower and covers directing the airflow to
the cylinder ribs and head (Figure 6). They were fueled
with low-octane gasoline via a carburetor. The fuel-injected
versions of the engine with an increased compression ratio
and a power up to 6% were also developed. Unlike the
aircraft engines, these engines had the flywheels to help
start the vehicle and the cooling air blowers.

Some of the M3 light tanks (M3-Diesel) were powered
by the Guilberson T-1020-4 9-cylinder, star compression-
ignition aircraft engines of circa 180 kW (250 hp) at 2200
rpm. These engines, with a displacement of 16.7 dm’ (pis-
ton stroke of 140 mm, cylinder diameter of 130 mm), had
a compression ratio equal to € = 15, a weight of circa 300
kg and were air-cooled [5].
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The larger armored vehicles required more powerful
engines. The mass-produced Wright R-975 Whirlwind
engines were used for this purpose. They were developed
and produced by a division of the Curtiss—Wright, but most
of these engines were built under a license by the Continen-
tal Motors Company. These engines were chosen initially to
power the M2 tank, weighing approximately 18 tons, and
later for the heavier M3 Lee and M4 Sherman tanks. They
were also used to power the M7 self-propelled guns, tank
destroyers and many other specialized vehicles built on the
same chassis as the M3 and M4 tanks.

Fig. 6. The Continental W670-9A engine (The Tank Museum at Bovington
Camp in Dorset, photo by the author)

The R-975 engines were 9-cylinder spark-ignited star
engines (Fig. 7). They were air-cooled by a blower located
on the torque take-off shaft. The engines had a displace-
ment of circa 16 dm® (piston stroke of 140 mm and cylinder
diameter of 127 mm) with a power rating of 220-340 kW
(300—450 hp), depending on the engine version [11]. The
increase in power of the subsequent versions of the engine
was achieved through design changes in the engine head,
increasing its compression ratio and the maximum speed
and supercharging the air. After the war, the Continental
developed this engine by increasing its starting power to
about 390 kW (530 hp) at 2300 rpm.

The M4 Sherman tanks were powered by a variety of
engines, including aircraft engines, featuring 266-330 kW
(350450 hp), which gave the tanks a unit power of 11—
13.5 hp/t and provided a cruising speed of 35-48 km/h.
A large number of the versions of the tanks and vehicles on
their chassis, as well as engines for these vehicles, makes
their exact specification difficult. Their parameters vary
depending on the source and therefore approximate values
are given. For the propulsion of the mass-market versions
of the Sherman M4 and M4A1 tanks, the versions of the
R-975 engine with 260-300 kW (350—400 hp) at 2400 rpm
were used.

The final production version of the Sherman tank was
the M4AG6 tank. It was powered by a modified version of
the Wright R-1820 Cyclone 9-cylinder aircraft gasoline

engine, adapted for self-ignition and diesel fuel supply by
the Caterpillar Inc. The Caterpillar used the crankshaft,
crankcase, cylinders, and supercharging system of the
R-1820 gasoline engine for its project (Fig. 8). This new
engine was designated the RD-1820. This supercharged
engine had a weight of circa 0.8 t; displacement of circa
29.9 dm’; piston stroke to cylinder diameter ratio S/D =
= 1.12 (stroke of 174.6 mm, diameter of 155.6 mm); com-
pression ratio € = 15.5 and developed power of 330 kW
(450 hp) at a speed of 2000 rpm. Maximum speed was
limited by a speed controller. The M4A6 tank developed
a maximum speed of close to 50 km/h (31 mph) and had
good multi-fuel capability — it could run on both diesel fuel
and low-octane gasoline.

Fig. 7. Wright R-975 engine (The Tank Museum at Bovington Camp in
Dorset, photo by the author)

Fig. 8. Cross-section of the Cyclone Wright R-1820 engine (San Diego Air
and Space Museum, photo by the author)

The Wright R-1820 G-200 gasoline engine with power
increased to 660 kW (900 hp) at 2300 rpm was used to
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power the experimental M6 heavy tank with a combat
weight of 57.4 ton and a maximum speed of 35 km/h.

Another American aircraft engine used to power many
types of tanks were the Ford GAA inline cylinder configu-
ration engines (Fig. 9). These engines were used to power
the M4A3 Sherman tanks and their upgraded chassis ver-
sion, and later many other tanks, including the M26 Patton
medium tank in the different 42 t variants (Ford GAF en-
gine version).

Fig. 9. The Wright Ford GAA engine (The Tank Museum at Bovington
Camp in Dorset, photo by the author)

The Ford GAA engines were originally designed as nat-
urally aspirated V-12-cylinder aircraft engines with alumi-
num cylinder blocks, crankcases, and heads [7]. They were
engines with the same piston-crank system dimensions and
60° cylinder row pitch as the RR-Merlin engines. They had
two camshafts in the head and were liquid cooled. They did
not find acceptance as aircraft engines. Since there was
a shortage of engines to power the M4 Sherman tanks it
was decided to produce these engines, but in a V-8-cylinder
version. These engines had a power output of 373 kW (500
hp) at 2600 rpm, sufficient to drive the M4 tank. In this
version the Ford GAA engine had a displacement of 18
dm3, compression ratio of € = 7.5; piston stroke of 15.2 cm,
cylinder diameter of 13.7 cm and two carburetors, one for
each row of cylinders [11]. The GAA version of the engine
differed from the GAF version in the type of Stromberg
carburetors.

After the war, the twelve-cylinder engines were revised
in the Ford GAC version with power increased to 480 kW
(650 hp) at a speed 2800 rpm. They were used to power the
prototype T29 heavy tanks (weight of 64 t) and T32 tanks
(weight of 54 t).

In the further versions of tanks produced in a large
quantity, air-cooled engines in the V-12-cylinder configura-
tion and with a displacement of 29.3 dm’ (1790 in.>) were
developed. These were spark-ignition V-12 engines: Conti-
nental AV-1790 (tanks: M-46, M-47, and M-48) and self-
ignition Continental AVDS-1790 (tanks M-60, Merkava,
Centurion). In some versions of the engines turbocharging
was used.

The T23 tank was one of the tanks powered by the Ford
GAN aircraft engine. It was built as a replacement intended
for the M4 Sherman tank. It had an electric transmission
system. The Ford GAN engine drove an electric generator
(Fig. 10). The generator powered two drive motors with
reducers that drove the drive wheels of the tank (Fig. 11).
This electrical connection between the engine and the
wheels allowed the engine to maintain operation as close to
the optimum conditions as possible. The tank with this
drive system could change direction with any steering angle
(stepless). The vehicle could be controlled from any place
inside and outside the tank at a distance limited by the
length of the cable. The chassis of the tank was adapted
from the M4 Sherman tank.

Fig. 10. The Ford GAA engine driving the alternator (photo by the author)

Fig. 11. The T-23 tank propulsion electric motors and reductors (photo by
author)

Despite the good road and terrain properties of the tank
equipped with electric and diesel propulsion, such a propul-
sion system was eventually abandoned. This was due to the
necessity of providing well-trained and equipped operating
facilities.
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The history of the W-2 engines, which were developed
as engines for driving land vehicles: tanks, self-propelled
guns, and artillery tractors, was different. Like the aircraft
engines, they had crankcases, cylinder blocks, pistons and
heads made of aluminum alloys. They were self-ignition
engines. Developed in the 1930s by a team with no experi-
ence in engine design. The work of this team was assisted
by the experienced engine designers from other aircraft
institutes, so they are in the structural terms like the afore-
mentioned engines. One of the most important experts was
A. D. Charomskij, in whose team the diesel aircraft engines
ACh-30 and ACh-40 were developed based on the experi-
mental engine AN-1 [5]. The W-2 engine had the same
configuration of cylinders and similar design solutions to
Charomskij's engines, but it had smaller piston and cylinder
dimensions and thus a smaller displacement (Fig. 12).

The structure of the W-2 engines like the aircraft en-
gines was also influenced by the development of the aircraft
engine production in the USSR in the 1920s and 1930s. For
this production, machine tools and tooling were purchased
in the West and in the USA, as well as patents, technolo-
gies, and licenses for the aircraft engine production.

Fig. 12. The W-2 engine (Armored Weaponry Museum, Poznan, photo by
the author)

The W-2 engines were first supplied with the fuel injec-
tion equipment produced by the German company Bosch
(feed pumps, injection pumps and injectors). After the pro-
duction of these units was developed locally, they were
applied to the engines produced in the various production
plants within the territory of the USSR.

The W-2 engines were of the V-type 12-cylinder en-
gines with a 60 -cylinder row pitch angle, with a single
connecting rod [1]. The basic version of the engine had
a power output of 368 kW (500 hp) at a speed of 1800 rpm.
Reduced- and increased-power versions of the engines were
also developed. Upon the use of a mechanically driven
centrifugal compressor from the AM-38 aircraft engine, the
power of the W-2 (W-12SN) engine was increased to 625
kW (850 hp). The straight six-cylinder W-6 engines with
a power of 180 kW (240 hp) were also developed [1].

The cylinder diameter of the W-2 engines was of
150 mm, and their piston stroke depended on the connect-
ing rod. The piston stroke of the main connecting rods was
of 180 mm and that of the connecting rods was of 186.7
mm. This resulted in a little variation in the compression
ratios of the cylinder rows. The dry weight of the engine
was of 750 kg. The cylinder heads and blocks were attached
to the crankcase by the long tie bolts. The crankcase was
split into the main bearing axis and the parts were bolted
together (Fig. 13). Starting could be done with an electric
starter or compressed air. The engine was produced under
license in many countries.

There are mentions of a project to develop a version of
the W-2A engine for a reconnaissance aircraft which would
provide a significant increase in operational range. Howev-
er, the aircraft turned out to be obsolete in comparison with
other pre-war aircrafts, and furthermore, the refinement of
the engine version to the requirements of its use in the air-
craft would have been laborious. Therefore, this idea was
abandoned.

Fig. 13. The W-2 engine, cross-section (Armored Weaponry Museum,
Poznan, photo by the author)

4. Present engines

The only mass-produced post-war engine that was de-
veloped using aircraft engine assemblies was the AGT-
1500 engine. This engine was chosen to power the US
M1Abrams tank, introduced into service in 1976 [7]. These
engines were selected during the project on the MBT-70
medium tank because of the choice between the AGT-1500
turboshaft engine and the AVCR-1360 variable compres-
sion ratio piston engine (these were the rebuilt Continental
AVDS-1790 engines).

While designing the AGT-1500 engine, the AVCO Ly-
coming drew on its own experience in producing turboshaft
engines for the helicopters and the PLT27 turbine engine
solution. This was a 2000 hp (1470 kW) engine in which
the low-pressure part consisted of a five-stage axial com-
pressor connected and powered by a shaft to the low-
pressure turbine [9].

The high compression part included a four-stage axial
compressor and a single stage radial compressor connected
by a shaft to a single stage turbine [8]. Both parts of the
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engine operated independently, and their speed depends
only on the aero- and thermodynamic relationships between
the compressors and turbines. Behind the turbines driving
the compressors were two stages of drive turbines and a
planetary reducer. This is where a similarity between the
two engines ends. The annular single combustion chamber
of the PLT27 engine with a return flow was replaced in the
AGT-1500 engines by a single tubular combustion chamber
on the side of the engine and a helical exhaust flow channel
to the diesel turbine blades (Fig. 14). A heat recuperator
was placed in place of the annular combustion chamber,
where air compressed to 1.3 MPa for an engine power of
1500 hp (1100 kW) was preheated with exhaust gas down-
stream of the drive turbines. The heat recuperation reduced
the fuel consumption of this engine. The compressed air
pressure depends on the engine power, and it is decreased
to 0.254 MPa for idling (N, = 40 hp, 30 kW) [2]. The vari-
ous versions of the AGT-1500 engines were developed with
the improved operating parameters and increased operating
economy.

Fig. 14. The AGT-1500 engine (source: M1Abrams tank description,
Internet)

5. Summary

The need for the 300-500 hp (220-370 kW) engines to
power the heavy armored vehicles was addressed in the
different ways by the countries participating in the Second
World War. The Western Allies used the gasoline-powered
aircraft engines with star and inline/straight line arrange-
ments of the cylinders for this purpose. The Soviet Union
used the diesel-powered engines in their tanks and heavy
tractors, which were developed to power the land vehicles,
but their solutions were the same as in the aircraft engines.
Their opponents, the Germans produced the high-powered
engines designed only to power the land vehicles. These
were the spark-ignition engines that ran on gasoline with
a high proportion of synthetic gasoline.

Considering the scale of applications of aircraft engines
for tank propulsion, it is necessary to assess the conse-
quences of the four most important decisions taken to ap-
plication:

1. Gasoline-powered star aircraft engines for American
light tanks M3/M5 Stuart and M4 Sherman

2. RR-Merlin (Meteor) and Ford GAA in-line petrol en-
gines for British and American tanks

3. W-2 diesel engine for Soviet tanks
4. AGT-1500 turboshaft engine for US M1 Abrams tanks.

The mass use of the air-cooled aircraft radial engines to
power tanks made it easy to produce large numbers of these
engines at low cost. However, it was not advantageous in
the practical terms and resulted in heavy tank losses. The
drive shaft from the radial engine led under the tank turret
increased its height and made it easier to hit with the pro-
jectiles. The exhaust system from the star engine was very
elaborate inside the engine compartment. This facilitated
the tank ignition upon its hitting by a shell, even if it did not
penetrate the armor. The strong shock of a hit tank could
easily unseal the fuel system and cause the fuel to leak and
then ignite. The development of fire was favored by the
intense, turbulent flow of cooling air in the engine com-
partment. It was estimated that 60-90% of the losses of
tanks powered by star aircraft engines were as a conse-
quence of their burning, and popular names for these tanks
were "Ronson burner" (Allied term) or "Tommy Cooker"
(German term) [3].

The more successful adaptations of aircraft engines to
power tanks were the use V-60-engines (two banks of cy-
linder and one crankshaft, V-angle of 60°). RR-Meteor and
Ford GAA engines developed for aircraft were used to
power some British and American tanks. Despite being
supplied with petrol, they were not as susceptible to fire as
star engines. The RR-Meteor engine was developed, in-
creased its power, and used to propulsion several British
post-war tanks. Also, the Ford GAA engine was used in
several tanks developed in production after the war, until
the development of a tank-only engine (AV-1790) [7].

Diesel engines were less prone to fire. These were main-
ly Soviet Union engines based on the W-2 engine design.
Compression-ignition engines were Japanese tank engines
(e.g. Type 97 Chi-Ha with a Mitsubishi 125 kW engine,
Type 1 Chi-He with a Mitsubishi 177 kW engine) and some
American tank engines. Before the war, diesel engines were
also used in Polish tanks (7TP tanks with PZInz. 235 en-
gine). The use of such fuel resulted in the high requirements
in respect of the fuel quality and cleanliness, as well as
maintenance of these engines. However, more important
was their greater resistance to fire.

Self-ignition of the mixture also has several other ad-
vantages. The diesel engines can also be fueled with aircraft
kerosene and, under the special circumstances, even briefly
with low-octane gasoline. The engines have no ignition
system that can interfere with the communications equip-
ment. More heat can be obtained from a comparable vol-
ume of diesel fuel compared to gasoline, making the en-
gines more economical. The disadvantage of such a power
system is a sensitivity of diesel fuel to low temperatures
and the possibility of fuel filter blockage at such tempera-
tures. This generally requires engine start-up heaters.

The tank engines originated from the aircraft engines
were mostly made of aluminum alloys. These are less re-
sistant to mechanical impact and temperature than cast iron.
The use of lightweight materials reduced the weight of the
engines, which undoubtedly made them easier to replace.
During the warfare, this constituted an important advantage,
as a rapid replacement of the entire assemblies is the prima-
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ry means of recovering the damaged vehicles. A significant
disadvantage of the "aluminum" engines is the lower rigidi-
ty of such cylinder blocks and crankcases, which can impair
their durability under large and frequent changes in engine
load. This is a typical load on land vehicle engines.

The W-2 engines with these properties and design solu-
tions were a very successful design based on the forward-
looking concept of an universal engine power about 500 hp
(368 kW). In subsequent years they were upgraded to in-
crease their power output. In the contemporary W-99 ver-
sion with two turbochargers, 1200 hp (883 kW) was
achieved [7]. The breakthrough idea was the transverse
arrangement of this engine in the T-55 tank, which signifi-

cantly shortened its length and reduced the weight of the
tank.

The turbine engines have better traction characteristics
than the piston ones (multi-fuel, maximum turbine drive
torque when starting and no torque discontinuity at the low
speed). However, the operational and maintenance prob-
lems and the higher fuel consumption are greater in un-
steady states. There is no indication that these engines will
be developed to power heavy vehicles, including tanks. The
improved LV-100 turbine engine was developed for this
tank [4]. However, there is no indication of its implementa-
tion. Gas turbines could be used to drive electricity genera-
tors in hybrid drives if this is cost-effective.

Nomenclature

D cylinder diameter \'A cylinder didplacement
N, engine power £ compression ratio

S piston stroke
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1. Introduction
Designing of modern internal combustion engines is

a challenge both in terms of their efficiency, production and
operation ecology, as well as high durability. The last param-
eter, despite the bench and operational tests carried out by the
manufacturer, is finally verified at the stage of use in natural
operating conditions. Reliable information about the actual
durability of the vehicle, including its engine, can only be
obtained at this stage. On the one hand, this requires a long
waiting time for the expected test results (sometimes several
years), and on the other, proposing non-invasive methods of
testing wear, so that the tribological processes in the ob-
served kinematic nodes are not disturbed.

In case of an automotive vehicle, a component very im-
portant taking into account car’s durability is a piston-rings-
cylinder (PRC) assembly. Wear of this assembly directly
influences reaching by the engine its borderline state (SG)
[8]. Wear of the PRC group is mostly identified with the
increase of the internal diameter of the cylinder liner. As
the diameter increases, engine start becomes more difficult
and engine delivers less power — these are technical criteria
of SG. Moreover, engine consumes more fuel and lubricat-
ing oil. Increase in oil consumption, with severe regulations
concerning exhaust emissions, results in the fact, that the
engine (even fulfilling other criteria) can not be used any
longer — these are economic and ecologic criteria of SG [7].

Considering possibilities of durability evaluation of the
frictional couple (of the technical object), two methodical
variants can be considered [5, 6, 14]:

1. An analysis of object’s operation time (e.g. PRC assem-
bly) till reaching boundary state. Having results of re-
search for sufficiently high, homogenous population of
objects, it is possible to estimate for any time moment t
wear distribution taking into account average, maximum
and minimum wear. A particular time of operation is the
moment when the system reaches boundary wear, con-
ditioning boundary state which corresponds to the dura-
bility of the object. Recording the particular moments of

reaching boundary state allows for establishing the av-
erage durability T, minimum Ty, and maximum T,
for the given population. This method (a’posteriori) in
case of PRC assembly is difficult to realize. Such type
of research allows for determination of numerical and
functional characteristics (point and range) with given
probability. This method is however costly and time
consuming, and obtained results can be transferred on
objects of similar class only with certain approximation.
Fig. 1 presents the determination of object’s durability
using the method described above.

Fig. 1. Determination of durability using a’posteriori method

Second of methods allows for significant shortening of
research time and creates possibility to forecast durabil-
ity a’priori. In case of this method, research is done in
a shorter time than object’s service life. It includes an
analysis of individual realizations of wear process and
estimation of tendencies in the course of phenomena
(theoretical models are obtained). Having information
regarding boundary state, an assessment of object’s du-
rability can be done. The condition of correctness of the
estimation is the calculation of tendencies of average
wear and possible minimum and maximum values for
the given confidence level. This theoretically-
experimental methods of durability estimation belong to
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the group of accelerated research, as — from the assump-
tion — they do not require any tests till the object reaches
its boundary state. Gathered information about the ki-
netics of changes of wear characteristics (models of
wear kinetics) allow for forecasting durability on the ba-
sis of theoretical reliability models of the distribution of
correct time of operation. The idea of such type of as-
sessment is shown on Fig. 2a, 2b.

Fig. 2. Schematic presentation of durability assessment using a’priori
method

2. Essence of the method

As mentioned above, the reliability of the results of the
wear tests of the engine's kinematic systems is related to the
limitation of interference in the operated unit. Also, the
measurement methods used should interfere with the tribo-
logical system as little as possible, or even not cause tempo-
rary changes in its environment, disrupting the functioning
of the system.

For the evaluation of the durability of the PRC assem-
bly, methods used so far require research till the object
reaches its boundary state (methods a’posteriori), or require
intervention in the tribological system so as to determine
object’s regular service time, e.g. micro measurements,
method of artificial bases, isotopic methods. A new method
described below eliminates these disadvantages.

For the durability evaluation of cylinder liners infor-
mation gathered from engine oil is used. Engine oil has
important function forming with the engine a tribological
system [7]. Changes in physical and chemical properties of
oil result from the influence of the system and are strictly
related to its technical condition, i.e. wear of cylinder liners.

The levels of specific physical and chemical properties
of engine oil affect the quality and range of functions per-
formed by the oil and, as such, they are a prerequisite for its

suitability for a particular type of engine. Among the pa-
rameters and physicochemical quantity levels outlined in
subject standards and literature, the preference is given to
the kinematic viscosity and dynamic viscosity (some of the
basic properties of fluids). Kinematic viscosity is always
stipulated in the quality requirements relating to lubricating
oils. It can increase or decrease during operation. An increase
in viscosity is generally connected with progressive oxidation
processes at elevated temperature, and a decrease with the
shear of oil. The assessment of oil viscosity allows the user to
estimate the time between oil changes [2, 11-13].

Currently, it is possible to observe the phenomenon of
extending the service life of the oil in the engine. This ap-
plies to both mileage and calendar time. This significantly
reduces environmental pollution with used petroleum prod-
ucts, but the most important aspect should be to ensure the
correct operation of the lubricated kinematic nodes in terms
of the properties of the lubricant in the tribological system.
You can meet with research carried out in this area.

According to the current state of knowledge, the quality
of engine oil can be determined through a series of tests,
which include laboratory evaluation of the physicochemical
properties, as well as through assessing its particular prop-
erties which, however, entails lengthy and costly operation-
al research. Knowledge and understanding of the character-
istics of motor oils and developing effective methods of
analysis enables the creation of systems of quality monitor-
ing which may be conducted within the life cycle of the
engine [13].

A number of studies have been conducted to scientifi-
cally measure the quality of engine oils. Inayatullah et al.
[3] used the technique of acoustic emission to analyze en-
gine oil viscosity. Karpovich et al. [4] attempted to develop
a universal instrument to measure and control the quality of
motor oils. Their evaluation of the quality and condition of
engine oil was centered around viscosity as a key perfor-
mance indicator. Agoston et al. [1], on the other hand, have
focused in their research on thermal aging of engine oils.
They have shown that oil evaporation and oil burning have
the most significant impact on the process of aging, thus
leading to the loss of its key properties, which inevitably
affects the overall performance of the engine oil [13].

The method of durability evaluation of engine cylinders
presented here, in general assumption is designed for the
use by a wide group of users who do not have sufficient
technical and diagnostic resources. Therefore oil exchange
service can be used to gather information about:

— parameters of new oil,
— parameters of used oil,
— oil operation time in an engine.

On the basis of above data it is possible to determine
value of index of change intensity of oil properties Cy (1):

_ Wp-Wk

Cw for t>0 (D
ol

where: W, — value of the measured index of oiltechnical
condition for the new oil, W — value of the measured index
of oil technical condition for the used oil (at exchange), t, —
oil operation time in the engine (till exchange), Cy — index
of change intensity of oil properties.
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This index brings averaged information about intensity
of engine impact on the oil. It does not take into account
periodic changes in the value of measured oil parameter,
and reflects long term tendency in observed changes. Peri-
odic changes of measured index can result from, among
others, the fact of topping up oil as a effect of oil loss
(leaks, combustion). Detailed analysis of index changes in
such case would lead to erratic evaluation of diagnostic
information. Long term observation of index of change
intensity of oil properties and observed its changes allow to
conclude, that the reason of these variations are wear pro-
cesses occurring in the engine. Graphic interpretation of
described phenomena is shown on Fig. 3.

Fig. 3. Graphic interpretation of changes in the index of change intensity

of oil properties: W, — preliminary index value, Wy;, Wia,..., Wi, — end

value of index of oil technical condition at the moment 1, 2,..., n of oil

change, t, t,,..., t, — moments of oil change in the engine, Cw — index of
change intensity of oil properties

Curves 1, 2, 3, ..., n represent changes of observed index
of oil technical condition W, in the time between oil
changes ti, t,, ts,..., t,. Detailed analysis of momentary in-
dex values for the time points ty, tis, t1, t,..., t,; and cal-
culated on this basis momentary values of index of change
intensity of oil properties Cy,, do not carry any important
diagnostic information in the sense of technical condition —
engine wear. They result from the influence of momentary
or short term inputs acting on the engine (increase of load,
technical service) or directly on the engine oil (topping up
new oil, outside impurities resulting from filter damage).
However analysis of changes in the longer research period
(between oil changes) permits to observe long term tenden-
cy of changes — curve 1. Fig. 3 shows also marked position
of index boundary value. It is a intersection of curve I with
the value corresponding to the lower permissible value of
index of change intensity of oil properties Cy. In this case,
it is related to the reaching of the upper permissible value of
observed index of oil condition W — value resulting from
accepted criteria of boundary state. In situation, when value
of the observed index of oil condition decreases (Wy,
Wia,..., Wiy < Wp), reaching boundary state will result from
crossing upper boundary value of index Cy, related to low-
er permissible value of the index of oil condition W.

Fig. 3 shows hypothetical realization (changes of values
of oil properties index) related to the single object (engine)
under operation. In reality, for every individual object from
the investigated sample from the population obtained re-
sults are scattered. Therefore the dependence describing
variability of the index of change intensity of oil properties
can be only of stochastic value — correlative.

The dispersion area is limited by regression curves
Cwimax and Cy;min corresponding to the upper and lower
border of confidence interval. Specific values depend from
the arbitrary assumption of confidence interval (for tech-
nical purposes 0.9; 0.95; 0.99) — Fig. 4.

Fig. 4. Graphic interpretation of changes in the index of change intensity

of oil properties for the population of objects: W, — preliminary index

value, Wy, Wia,..., Wi — end value of index of oil technical condition at

the moment 1, 2,..., n of oil change, t, t,..., t, — moments of oil change in
the engine, Cw — index of change intensity of oil properties

Changes in engine oil presented on Figs. 3 and 4 take
place parallel to the wear of cylinder liners of the engine.
Mathematical description of this phenomena is created by
three curves reflecting expected value of changes Z (calcu-
lated on the basis of operational research), upper border of
realization of the stochastic wear z, and lower border of the
wear course z4. These three equations all together create
statistic model of wear process of cylinder liners (Fig. 5).

Fig. 5. Graphic interpretation of mathematical model of wear process of
the cylinder liners
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Such description of wear process permits — for any time
moment t — to determine width of confidence interval on
the confidence level B, where real realizations of the sto-
chastic process are located. Choice of confidence interval is
a matter of decision. Boundaries of the confidence interval
for the results related to the time of observation t; can be
written as follows:

g

8=2,+q3 0, (2a)
28 =7, —q3- 0 (2b)

where: g — proportionality coefficient.

Value of the coefficient qg should be determined (in re-
lation to the batch size of the results set) according to the
rules of building the range estimators.

Making use of engine oil as a source of information for
forecasting engine durability is possible only when it can be
proved, that the kinetics of changes of chosen physical and
chemical properties of the oil reflects wear changes taking
place in the analyzed PRC assembly. Confirmation of such
correlation can be done on the basis of comparable values
of estimated durability of the cylinder liner with the use of
“wear” as well as “oil” method. Operational research
should be done, so as to determine course of curves I
(Fig.4) and z (Fig. 5).

3. Results of experiments

The proposed test method was verified on the basis of
the results of measurements of the wear of cylinder liners of
engines performed as part of supervised operation tests. The
subject of the research was five compression-ignition en-
gines with direct fuel injection, in-line cylinder arrange-
ment, installed in medium-duty trucks. The amount of wear
of individual cylinder liners was recorded for the mileage of
0-250 thousand km in intervals of approx. 50 thousand km.
Technical maintenance was done according to the manufac-
turer’s instructions.

So as to determine course of the curve Z in used en-
gines, periodically micro-measurements of cylinder liners
was done, according to the standard recommendation of the
branch norm [9]. Additionally during obligatory technical
inspections united with oil change service, oil samples were
taken from the engine and put under physical and chemical
analysis. Basic physical, chemical and functional indexes of
the used oil were determined.

On the basis of gathered information it was possible to
obtain equations for the expected value and for the lower
and upper boundaries of the wear process realization. Full
mathematical description of the wear process of the cylin-
der liners for the period of operation t > tq (tq — running-
in) is shown by the set of equations (3):

Z = (0.000132) - t + 43.961 [um] (3a)

zq4 = min{0.000105 - t + 43.961|0.000132 - t + 38.466}
[um] (3b)

75 = max{0.000159 - t + 43.961]0.000132 - t + 49.456}
[nm] (3¢)

where: t — engine operation time (mileage) [km].

Similar analysis was made in case of research results
obtained for the used oil. It was concluded — on the basis of
theoretical analysis and statistical analysis of research re-
sults, that the best index for the evaluation of changes in oil
properties is kinematic viscosity at the temperature of
100°C and corresponding index of change intensity of kin-
ematic viscosity at 100°C-Cy¢o (equation (1)). Course of
Cy100 changes in a function of operation time is given by
the dependence (4):

Cyr00 = (3.277) — (2.142) - (0033 [m_m2 @

s’km

where: t — engine operation time (mileage) [km].

Using equations (3) and (4) durability of PRC assembly
for the engine under test was determined. In case of tech-
nical criterion, durability of the system results from reach-
ing permissible value of cylinder liner wear. This value was
accepted on the basis of work [11]. In case of “o0il” criteri-
on, boundary values of kinematic viscosity v;yq were ac-
cepted using the norm BN-77/0535-46 [10]. Then boundary
value of Cyq9ogr index was calculated, which was later used
for the determination of cylinder liners durability on the
basis of oil criterion. Results of calculations are presented
in Table 1.

Table 1. Comparison of forecasts of cylinder liners durability of the 359M

engines
L Durability
Limit state parameter 5
Data | Type of x10° [km]
source | criterion Parameter de- Limit T T. T
scription value mn > max

cylinder liner wear
Z at depths 20, 35, 126

own | technical |50, 95 [mm] in the 516.0| 621.5 | 781.3
plane A—A and [um]
B-B
index of intensity
of changes i.n | -0.066

own oil Kinematic viscosi- [mm2 ] - | 630.2 -
ty of engine oil in
temperature s +km

100°C—Cy 10

4. Conclusions

Presented oil criterion takes into account possibilities of
correct evaluation of mating of components in the PRC
assembly with regard to the type of friction. One of condi-
tions of fluid friction is, for instance, existence of appropri-
ate crevice between mating components in relation to the
viscosity of used lubricant. Increase of clearance between
components of PRC assembly intensifies degradation pro-
cesses taking place in engine oil, and thus, faster change of
its viscosity. Proposed method of forecasting tribological
durability using results of current (in kinetic sense) assess-
ment of oil properties, gives results regarding average dura-
bility which are comparable with results determined accord-
ing to the forecasting method related to the technical crite-
rion. Values of forecasted durability average 621.5-10° km
using technical criterion and 630.2-10° km for the oil crite-
rion. So, basing on the information describing technical
condition of the used lubricant it is possible, with no need
of interference in the monitored PRC assembly, to deter-
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mine durability of the cylinder liners (on the accepted con-
fidence level). Moreover simple measurement methods

away from the investigated object are used, and with no
need of taking the engine out of service.

Nomenclature

PRC piston-rings-cylinder

SG

borderline state
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1. Introduction

The activities of the European Commission in the field
of new test procedures used to measure emissions of toxic
exhaust gas components, in practice, may result in a com-
plete suspension of the production of internal combustion
engines intended for passenger cars. This applies especially
to the preliminary assumptions for the Euro 7 standard,
which is to apply from 2025. According to the new assump-
tions, the changes would concern both a drastic reduction of
the permissible emission limits, but also the method of
conducting measurements. For example, the proposal pro-
vided for the reduction of the CO, emission limit for com-
bustion engines from the current value of 95 g/km to 30
g/km and the NO, emission limit for nitrogen oxides from
60 mg/km to 30 mg/km. Moreover, it was planned to intro-
duce changes to the RDE (Real Driving Emissions) test
procedure, the test sections of which cover various traffic
conditions in which the instantaneous emission value is
subject to changes. For this reason, the so-called divergence
factor, which determined the acceptable differences. Ac-
cording to the proposal, in the Euro 7 standard, the emis-
sion value of individual exhaust components could not
exceed the established limits, regardless of the traffic condi-
tions in the test, as well as regardless of the version of the
vehicle's additional equipment, including e.g. when the
vehicle is moving with a roof rack or a trailer. In addition, it
was proposed to equip the vehicle with an emission moni-
toring system, and the time to meet these requirements was
set at 15 years or 240 thousand kilometers.

As the automotive industry would not be able to meet
these conditions, and would not be able to ensure an ade-
quate supply of zero-emission vehicles, even by carrying
out a deep modernization of the currently produced engines,
the AGVES (Advisory Group on Vehicle Emission Stand-
ards) advisory group operating at the European Commis-
sion strongly recommended a relieved version of the initial
bill of law. The legal regulations proposed in this recom-
mendation, although they will constitute a further evolution
of the currently applicable Euro 6d standard, are assessed as
technically very demanding. One of the most important

changes is leaving the so-called difference factor used to
calculate the emissions from a real road test. Thanks to this,
the increased emission in a given section of the route will
be able to be compensated by a reduced emission in another
section of the test. This will allow not only to meet the
requirements of the new Euro 7 standard, but also to further
development of internal combustion piston engines, espe-
cially in hybrid drive systems with zero emissions when
driving in electric mode or during energy recovery [1].

2. Characteristics of an internal combustion engine
operation in a hybrid drive system

In a hybrid system, the internal combustion engine
works with one or two electric machines. In addition to
operating the vehicle with an internal combustion engine
and supporting it with an electric motor, this system allows
operation with an electric drive only [6].

The most important advantage of this system is the pos-
sibility of recovering some energy through an electric cur-
rent generator, which is activated during braking and when
the vehicle is moving by inertia. The recovered energy is
stored in an energy accumulator which powers the propul-
sion electric motor. As a rule, these are electric accumulator
batteries with a sufficiently high voltage level (usually
nickel-metal-hydride NiMH or lithium-ion Li-Ion) [7-9].

In all types of standard vehicles, braking energy is usu-
ally irretrievably lost and converted into heat in the braking
systems [11].

Internal combustion engines with spark ignition systems
presently used in the hybrid drive, usually work in a cycle
similar to the Atkinson cycle in which one can use a larger
value of compression ratio than standard engines, which
contributes to increased overall efficiency. In addition, the
control system forces the engine to work in this area char-
acteristics, which achieves the highest energy conversion
efficiency and minimum emission of toxic fumes. Including
avoiding engine operation with a high load, where nitrogen
oxide emission is the highest [2, 3].

All the above-mentioned features of the hybrid power-
train, compared to standard systems, give a measurable

COMBUSTION ENGINES, 2021, 187(4)

65



Analysis of the operation of the hybrid drive system in the light of the proposed Euro7 standard

effects in the form of reduced fuel consumption and result-
ing lower carbon dioxide emissions, as well as reduced
emission of toxic exhaust components.
Possible operating states of the hybrid drive system:
— hybrid drive (diesel-electric),
— combustion engine,
— electric drive,
— supporting the internal combustion engine with an elec-
tric motor,
— generator operation of the electric machine,
— braking with energy recovery,
— disengaging the drive system (start/stop system).

3. The effects of using a hybrid drive system

The effects of the hybrid drive system are already visi-
ble during the initial analysis carried out on the basis of
a comparison of selected factory parameters of a vehicle
equipped with this system with a vehicle equipped with
a standard drive system. For this purpose, two Toyota Yaris
models were compared, the first of which: the Yaris 1.5
Dynamic Force Multidrive S with a standard driveline and
automatic transmission, and the second: the Yaris 1.5 Hy-
brid Dynamic Force e-CVT with a hybrid driveline and
series stepless transmission.

According to the factory data, the performance of both
vehicles is similar.

Table 1. Specifications of Yaris 1.5 Vehicle Dynamic Force Multidrive S
and Yaris 1.5 Hybrid Dynamic Force E-CVT

Yaris 1.5 Dynamic Yaris 1.5 Hybrid
Force Multidrive S Dynamic Force e-CVT
Acceleration time 10.2 9.7
0-100 km/h [s]
Top speed [km/h] 180 175
Fuel consumption 5.3-5.7 3.8-4.3
according to the
WLTP procedure
[dm*/100 km]
Carbon dioxide CO, 125-133 87-98
emissions according
to the WLTP proce-
dure [g/km]
Curb weight [kg] 1065/1145 1080/1190
min/max

The significantly more favourable parameters of the hy-
brid drive system result mainly from the possibility of re-
covering the braking energy and the vehicle moving with-
out the combustion engine switched on in certain traffic
conditions. Therefore, from the point of view of the pro-
posed requirements of the new Euro 7 standard, the hybrid
drive system, compared to other solutions, has the greatest
development potential due to the significant share of emis-
sion-free operation [5].

4. Analysis of the operation of the hybrid drive

system during road tests

In order to verify the factory data, road tests of the
Toyota Yaris 1.5 Hybrid Dynamic Force e-CVT car in real
road traffic conditions were carried out at the Department
of Motor Vehicles at the Cracow University of Technology,
according to the RDE test recommendations. The tests were
carried out on 28-29 January 2021 in real road traffic condi-

tions in the area of the Krakow agglomeration during a road
test consisting of the participation of the vehicle in urban
traffic, in suburban traffic and on the motorway. Their main
goal was to conduct an in-depth analysis of the operation of
the hybrid drive system during various phases of the test.
Besides, additional tests were performed consisting in the
assessment of energy recovery during braking in various
speed ranges of the vehicle.

Test parameters:

— Total test distance: S = 73.04 km, total test time: t = 96
min.

— City route: S = 17.27 km, t = 40 min.

— Suburban route (Rural): S = 35.6 km, t = 33 min.

— Motorway route: S = 35.6 km, t =23 min.

Energy distribution in a hybrid drive system should be
analysed in various components responsible for vehicle
propulsion and energy recovery. The propulsion system of
the Toyota Yaris 1.5 Hybrid Dynamic Force e-CVT can be
assigned to the group of hybrid series-parallel systems. It is
equipped with two electric machines marked with the sym-
bols MG1 and MG2, a 3-cylinder spark ignition engine
working according to the Atkinson cycle and a planetary
continuously variable transmission [10]. The analysis of
energy flow in the hybrid drive system of this vehicle was
carried out on the basis of measurements of electric energy
received and transmitted by the traction battery and both
MG]1 and MG2 electric machines. For the measurement of
electrical energy and other parameters used in the existing
sensors mounted in the vehicle and a dedicated diagnostic
software allowing the registration of the selected parame-
ters in real time with a frequency of 10 Hz. Moreover, on
the basis of fuel consumption and its calorific value, calcu-
lations of the thermal energy processed in the internal com-
bustion engine were performed. During carrying out this
analysis, the individual energy streams in the collective
diagrams are marked with rectangles of different colours.
They mean in turn:

— red rectangle: electricity absorbed by the traction battery
of the vehicle, which comes from both energy recovery
and the operation of the internal combustion engine,

— red dashed rectangle: electric energy given by the trac-
tion battery to the vehicle drive and power supply to the
internal installation of the vehicle,

— yellow rectangle: electricity generated by the MGI1
electric machine,

— yellow dashed rectangle: electricity supplying the MG1
machine to start the internal combustion engine,

— green rectangle: energy recovered by the MG2 genera-
tor in the process of braking or moving the vehicle by
inertia,

— green dashed rectangle: electricity supplying the MG2
machine while the vehicle is electrically powered (the
energy comes from the MG1 machine and the traction
battery),

— blue rectangle: thermal energy released in the combus-
tion engine (due to its high value — it is given on the
chart on a scale 10 times smaller than the other compo-
nents).
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Figures 1, 2 and 3 show the energy distribution in the
hybrid drive system during the driving test in real road
traffic conditions.
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Fig. 3. Energy distribution in the hybrid drive system in the rural part of
the RDE test (Toyota Yaris 1.5 Hybrid Dynamic Force e-CVT)

From the point of view of the analysis of the energy
balance in the hybrid drive system, the green rectangle
deserves attention, which indicates that 0.88 kWh of energy
was recovered in the city cycle (City), 0.92 kWh in the
motorway cycle, and 0.52 kWh in the extra-urban cycle. In
total, in the entire RDE test on the 73.04 km route, 2.32
kWh of energy was recovered.

5. Analysis of the operation of the hybrid drive

system during the braking test

During the tests, a brake test was also carried out from
the initial speed of 53 km/h until the vehicle stopped (Fig.
4). This test was performed during the urban part of the test
and had the characteristics of a typical stop for a vehicle in
city traffic before the crossing of the streets with traffic
lights. The distance from the beginning of the test, when the
driver, seeing the red signal of the signaling device, took
his foot off the accelerator pedal until the vehicle stopped,
was approx. the 200 m braking process (Fig. 4). In the ini-
tial phase of the process, the reduction of the vehicle speed

was mainly caused by the load on the MG2 electric ma-
chine, which recovers braking energy. Only in the final
phase of the vehicle stopping process, the main reason for
the reduction in speed was the operation of the friction
linings of the braking system. The energy recovered by the
MG?2 electric machine at each point of the braking process
was also measured (Fig. 5). The reduction of energy recov-
ery in the final phase of the braking process resulted from
the lower possibility of generating electricity due to the low
rotational speed and due to the operation of the friction
brake.
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Fig. 5. The course of energy recovery in the braking process in a hybrid
drive system

The total value of energy recovered in the test was ap-
prox. 39 Wh, while the energy supplied to the traction bat-
tery was approx. 37 Wh (Fig. 6). The difference, amounting
to about 2 Wh, resulted from the losses related to energy
transmission and the necessity to use it to power the vehicle
accessories.
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Fig. 6. Energy distribution in the hybrid drive system during braking
6. Conclusions

A characteristic feature of reciprocating heat engines is
the high variability of the achieved efficiency of the engine
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in its field of operation. The hybrid drive system allows the
optimal use of the engine's operating area, where it achieves
the greatest efficiency, while the shortage or excess of de-
veloped torque is compensated by the electric machine.
Thanks to such a system, it is possible to significantly re-
duce fuel consumption by motor vehicles and reduce heat
emission and the emission of toxic components to the envi-
ronment.

The most important advantage of hybrid drive systems
in motor vehicles is the recovery of braking energy, which
is irretrievably lost in standard vehicles, causing the envi-
ronment to be loaded with heat. An important feature of the
cooperation of a heat engine with an electric machine is the
possibility of mutual supplementation of energy demand in
the vehicle drive system, implemented according to the
adopted criteria of energy consumption optimization.

Contemporary compact cars powered only by electricity
usually have a battery with an electric capacity of 40-60
kWh, which allows for a range of 400-500 km. BEVs that
are powered solely by electricity are currently subject to
a number of limitations in terms of range, refill time and the
amount of energy that can be stored. Therefore, during the

transition period, a lot of attention should be paid to the
development and optimization of hybrid drive systems.

In the context of the research, the energy recovery of
approx. 2.3 kWh on a route with a length of approx. 70 km
and variable road conditions in the hybrid drive system of
the Toyota Yaris 1.5 Hybrid Dynamic Force e-CVT is sig-
nificant and has a significant importance from the point of
view of the rational use of energy in transport. This results
in a significant reduction in fuel consumption in relation to
a similar class of vehicles equipped with a conventional
drive system. Preliminary studies of braking energy recov-
ery, carried out in urban traffic, show a great potential for
the development of a special control algorithm, allowing for
the optimal selection of the strategy of cooperation between
a piston heat engine and an electric machine, based on the
criterion of energy savings in transport.

Such actions meet the legislative activity of the Europe-
an Commission in the field of new emission limits and
measurement procedures, especially with regard to the
initial assumptions provided for the Euro 7 standard. In
practice, it is currently the only possibility of further use of
internal combustion engines to power passenger cars.

Nomenclature

RDE Real Driving Emissions
AGVES Advisory Group on Vehicle Emission Standards
NiMH  nickel metal hydride

Li-Ion  lithium-ion cell
e-CVT  Electronic Continuously Variable Transmission
BEV Battery Electric Vehicle
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The article presents the structure and a principle of operation of a simple indicator of the type of a fuel-air

mixture supplying a spark-ignition engine with a direct fuel injection. The designed indicator was tested, as
a result of which its correct operation was verified. By using information from the indicator, it was possible to
assess its usefulness for assisting the driver in an economical driving style. Preliminary studies show that thanks
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economic driving style on the route selected for the purpose of this research paper. The target of this study was
to confirm a noticeable reduction in fuel consumption when supplying the engine with a stratified mixture. In
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1. Introduction

SI engines are still used to drive passenger cars. Most of
them are powered by direct fuel injection into the combus-
tion chamber. This type of fuel injection allows the com-
bustion of very lean fuel-air mixtures by their stratification
in the combustion chamber. Burning lean mixtures makes
better use of the fuel and thus reduce its consumption.
A spark ignition engine can operate on a stratified mixture
only within a limited range of speeds and loads [1, 2]. It
also requires a specific thermal state of the engine and the
exhaust system, including the catalytic reactor. For these
reasons, it is the engine control unit that decides which
mixture is supplied to the engine: stratified (economical) or
homogeneous.

There was a question posed: could the driver of the car,
having information about the type of a fuel mixture at the
given moment, change the driving style to a more economi-
cal one? In order to answer this question, the plan was to
build a simple indicator of the type of a fuel mixture sup-
plying the SI engine with a direct fuel injection and to con-
duct tests in road conditions. The indicator was built and
tests were conducted on the Mitsubishi Carisma GDI car.

The presented research paper on the construction of
a mixture type indicator is an engineering diploma thesis at
studies in the automotive field, the author and promoter of
which are the authors of this paper.

2. Knowledge analysis

Spark ignition engines are powered by fuel-air mixtures
of various compositions. The amount of fuel contained in
the air-fuel mixture is determined by the air—fuel equiva-
lence ratio A. The composition of the air-fuel mixture af-
fects the main parameters of the engine performance such
as: power output, fuel consumption and the content of toxic
components in the exhaust gasses. Until recently, SI en-
gines were supplied with almost homogeneous air-fuel
mixtures. Combustion of such mixtures in the SI engine

does not allow to use up all the fuel they contain. It is
known that the higher the value of the coefficient ratio A,
the more fuel contained in the mixture will be burnt. At the
same time, it is known that mixtures with the coefficient
A > 1.4 do not ignite from the spark. The solution that al-
lows for the combustion of very lean mixtures is layering of
the mixture in the combustion chamber. It consists in the
formation of a rich mixture around the electrodes of the
spark plug and progressively poorer in the areas further
away from the spark plug as far as the air itself at the walls
of the combustion chamber. Such a load may have an aver-
age composition defined by the factor A above the value
considered to be a flammable mixture (ignitable by an igni-
tion spark). Mitsubishi was the first make in the world to
use GDI (Gasoline Direct Injection) engines in the mass
produced Carisma model, which burn stratified mixtures.
Their combustion allows to reduce fuel consumption in the
range of lower engine speeds and engine power. This trans-
lates into a reduction in fuel consumption when driving the
car, mainly at a constant speed, up to approx. 100 km/h.

A driver who wishes to use an economical driving style
should try to drive primarily on stratified mixtures [5, 6].
Unfortunately, the manufacturer did not install any indica-
tor informing the driver about the type of mixture the en-
gine is supplied with. Three types of mixtures can be dis-
tinguished in the power supply of the Mitsubishi Carisma
GDI engine:

— homogeneous air-fuel mixture (uneconomical),

stratified air-fuel mixture (economical),

air only (during the so-called engine braking).

In SI engines with direct gasoline injection, a homoge-
neous mixture is created by injecting fuel into the combus-
tion chamber at the beginning of the fill stroke. As a result
of the air turbulence, it evaporates and mixes with air dur-
ing the filling and compression strokes. A stratified mixture
occurs when fuel is injected into the combustion chamber at
the end of the compression stroke, just before ignition. The
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position of the injector in the cylinder head is such as to
direct the jet of injected fuel towards the electrodes of the
spark plug. Fuel injection just before ignition prevents it
from evaporating and mixing with the entire volume of air
in the combustion chamber. In this way, the charge in the
combustion chamber is stratified, i.e. correspondingly rich
in the vicinity of the spark plug electrodes and progressive-
ly poorer in the areas closer to the walls of the combustion
chamber. The average value of the factor A of a stratified
charge in this way is outside the flammability range.

The formation of a stratified mixture and its combustion
in the engine depends on many factors. Rotational speed,
load, thermal condition and more have an influence on the
type of the mixture that is generated and burned. This is
determined by the engine control unit [3, 4].

It is known that many of the processes supervised by the
ECU are optimized. The authors of this research paper did
not find reliable information whether the method of select-
ing the type of mixture was optimized in terms of low fuel
consumption. This issue became the reason for taking up
the topic.

3. Construction of the air-fuel mixture type indicator

3.1. Design assumptions for the indicator of the type

of a combustion mixture

By analyzing the method of creating fuel mixtures sup-
plying the SI engine by direct fuel injection into the com-
bustion chamber, it is possible to link the fuel injection
phase with the type of a fuel-air mixture. Early (at the be-
ginning of the filling stroke) fuel injection creates a homo-
geneous mixture (Fig. 1a). Late fuel injection (at the end of
the compression stroke, just before ignition) creates a lay-
ered mixture (Fig. 1b).

Fig. 1. Waveforms in the direct fuel injection system, when the mixture is
formed: a) homogeneous, b) stratified

The navy blue waveforms show impulses from the
crankshaft position sensor, while the red ones show the
pulses from the camshaft position sensor. Based on these, it
was possible to scale the axis of the angular position of the
crankshaft for the first cylinder. The duty cycle begins
when the piston is at TDC before its fill stroke and the
crankshaft is assigned an angle of 0°CA. Completion of the
duty cycle occurs when the piston reaches TDC after the
exhaust stroke and the crankshaft is assigned an angle of
720°CA.

In order to determine the fuel injection phase (i.e. early,
late), it is necessary to check whether the injection pulse U;
occurs simultaneously with the ignition pulse Ug;. In Figure
la, the pulses occur at different times, determining the

formation of a homogeneous mixture. In Figure 1b, the

pulses occur at the same time, defining the formation of

a stratified mixture. In this situation question should be

posed whether at each point of the engine operation the

mutual position of the injection pulse relative to the ignition

pulse is as unambiguous as in Fig. 1. The following cases

may raise doubts:

— high, close to maximum rotational speed and long injec-
tion time (Fig. 2a),

— low engine speed or idle running and short injection
time (Fig. 2b).

Fig. 2. Waveforms in situations giving rise to doubts as to the unambiguity
of the assessment of the fuel-air mixture type

If the simultaneous occurrence of injection and ignition
pulses is treated as a state indicating the formation of
a stratified mixture, the waveforms in Fig. 2a misrepresent
the formation of a stratified mixture. It is obvious that at
high revs the engine is powered by a homogeneous mixture.
Thus, the coexistence of signals is not always true infor-
mation about the type of a mixture being created. A better
method of determining the type of the mixture turned out to
be checking the occurrence of the ignition pulse at the mo-
ment of the rising slope of the injection pulse. In this case,
the signals shown in Fig. 2a correctly determine the for-
mation of a homogeneous mixture. Figures 2b and 2¢ show
two cases of the mutual position of the U; and Ug; pulses,
specific for the formation of a stratified mixture. Determin-
ing a type of a mixture by examining the ignition signal at
the moment of the rising slope of the injection pulse will
give an erroneous result for the signals shown in Fig. 2b.
The question arises whether the engine controller, when
supplying the engine with a stratified mixture, generates an
injection impulse early enough for its rising slope to occur
before the appearance of the ignition impulse. The literature
[8] presents experimental studies of the Mitsubishi Carisma
GDI engine control unit.

They show that the case of the mutual position of the
ignition and injection pulses shown in Fig. 2b does not
occur when the ECU controls the operation of the engine.
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For low engine speeds and low engine loads, the injection
start angle is approximately 320°CA. Ignition advance
angle of approx. 25°CA, therefore an ignition pulse that is
always 6.1 ms starts earlier than the injection pulse.

Fig. 3. Maps of: injection start angle (a) and ignition advance angle (b) for
Mitsubishi Carisma GDI engine [8]

To sum up, on the basis of the mutual position of the in-
jection and ignition pulses, it is possible to unequivocally
determine the type of the formed fuel-air mixture. For this
purpose, the occurrence of the ignition pulse during the
rising slope of the injection pulse should be tested. The
occurrence of the ignition pulse is confirmed by the for-
mation of a stratified mixture, and its absence of a homoge-
neous mixture.

There is another condition in the SI engine management
system in which the fuel is not injected. This is the case of
engine braking. No injection pulse is generated. In subse-
quent cycles, the type of mixture will not be determined in
the manner described above. In order to signal this state as
well, it is necessary to test the occurrence of the injection
pulse in each cycle in which the ignition pulse occurs. The
ignition pulse is generated by the engine control unit in
each cycle, regardless of the presence of an injection pulse.
For both the homogeneous mixture and the stratified mix-
ture, the fuel injection takes place before the ignition occurs
(Fig. 1). Therefore, the falling slope of the ignition pulse is
the moment when the occurrence of the injection pulse in
the current work cycle should be checked. It is therefore
necessary to remember the injection pulse at least until
ignition. A way to do this is to generate an auxiliary signal

that remembers the injection I, at least for the remembering
time tj,, from the occurrence of U; until the moment of
ignition at the lowest rotational speed. (Fig. 4). Figures 4a
and 4b show the injection signal that was remembered in
the event of loss of the injection signal after the formation
of a homogeneous mixture. Figures 4c and 4d show the
injection signal that was remembered in the event of loss of
the injection signal after the formation of a stratified mix-
ture. The method described above will allow for a detection
of the no injection after no more than ti,p,.

Fig. 4. Auxiliary injection signal at low (a) and high (b) engine rotational
speed

The injection pulse elongation time should be equal to
the time of two strokes at the minimum rotational speed n =
= 600 rpm, i.e. tj,, = 0.1s. At higher rotational speeds, the
Ui, signals generated for individual injection pulses will
overlap creating one pulse ending at t, from the time of the
last injection pulse [7].

3.2. Construction of the mixture type indicator

The device is to inform the driver about one of the three
types of fuel-air mixtures with which the engine combus-
tion chambers are filled. For this purpose a three-colour
(RGB) LED was used. It was assumed that the colour:

— green will indicate a stratified mixture — as the most
economical one,

— red will indicate a homogeneous mixture — as less eco-
nomical,

— blue will indicate no fuel injection.

In the design assumptions, injection and ignition signals
were selected to evaluate the type of a mixture supplying
the SI engine with a direct gasoline injection. It was as-
sumed that these are two-state signals in a simple form. The
presented method of analyzing the type of mixture can be
based on simple elements of digital electronics, e.g. flip-
flops. Due to the place of use of the indicator, TTL technol-
ogy was selected as more appropriate for use in automotive
technology. Elements made in this technology are more
resistant to interference and damage (mainly electrostatic).

In the next step, the diagram of the Mitsubishi Carisma
GDI engine control system was analyzed in order to obtain
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the required signals for the indicator being built. The injec-
tion signal for the first cylinder is available on pin no. 1 of
the engine ECU, and the ignition signal on pin no. 3. These
signals were assessed for compliance with the TTL tech-
nique. It turned out that they do not comply with the TTL
standard (Fig 5).

Fig. 5. Injection and ignition signals available in the GDI engine of
a Mitsubishi Carisma

Thus, the constructed indicator requires a system that
adjusts the signals available in the engine control system to
the TTL standard.

The electronic system was designed and built, the block
diagram of which can be seen in Fig. 6 [7].

Fig. 6. Block diagram of the indicator of the type of a combustion mixture
used to supply an SI engine with direct fuel injection

The electronic circuit has the form of a double-sided
printed circuit board placed in the housing. It is connected
to the car installation through an eight-pin connector
(Fig. 7a). A three-colour LED diode informing the driver
about the type of a mixture is mounted in the dashboard of
the vehicle (Fig. 7b).

Fig. 7. Electronic circuit of the indicator and the location of its components

3.3. Verification of the mixture type indicator electronic
systems

The developed and constructed mixture type indicator
was tested to verify its operation. The research consisted in
the analysis of simultaneously registered signals:

— fuel injection U; and ignition Ug; for the first cylinder,
— injection memory I,
— controlling a three-colour LED.

The signal registration was made with a PC equipped
with a GAGE A/C converter card. Due to the short injection
times (< 1 ms), the sampling time was set to 20 ps. The trial
time was set to 10 s. During this time, the driver operated
the accelerator pedal in such a way that the indicator
changed the indication of the type of mixture several times
(to change the colour of the LED diode). The results of one
of the concluded tests are shown in Fig. 8.

Fig. 8. Test results for the indicator of the type of a mixture

All signals in the figure above are two-state waveforms.
Their colours are directly related to the signals in the block
diagram (Fig. 6). Ignition signal Ug; shows the ignition
pulses where high state means the current flow through the
primary winding of the ignition coil. Injection signal U;
shows injection pulses, where the high state means the
current flow through the injector winding. High state of the
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injection memory signal I, shows information about the
injection occurrence over the time ti,y,. Time tp, is selected
in such a way that the information about the injection oc-
currence is remembered until the moment of ignition in the
next cycle of work at the lowest possible rotational speed of
the engine. If a blue LED signal is high, it is emitting blue
light. If a green LED signal is high, it is emitting green
light. If a red LED signal is high, it is emitting blue light.

The assessment of the correctness of the operation of
the mixture type indicator was based on the analysis of the
recorded waveforms of the above-mentioned signals. For
this purpose, Fig. 9 shows the signals from Fig. 8 for the
characteristic periods in which the indication changes ap-
pear.

Fig. 9. The results of the test of the indicator of the type of mixture at the
characteristic periods

Figure 9a presents the signals recorded within 500 ms
from the start of the measurement. In the two first cycles,
the fuel injection signal occurs simultaneously with the
ignition signal, which indicates that the engine is supplied
with a stratified mixture. During this time, the LED diode
emits green light. In the third cycle, the fuel injection signal
does not occur simultaneously with the ignition signal,
which indicates that the engine is supplied with a homoge-
neous mixture. At the moment of the rising slope of the
injection pulse, the colour of the light emitted by the LED
diode changes to red. Figure 9b shows the disappearance of
injection pulses. This state causes that after time ti,y,, signal
Ii, changes to low. The closest rising slope of the ignition
signal turns the LED diode to blue. Figure 9c shows the
reappearance of injection pulses. The first one is remem-

bered by changing the Ij, signal into high. After this mo-
ment, the first ignition impulse will switch off the blue
colour of the LED diode with the use of the rising slope. At
the same time, the colour indicating the type of a mixture
will be turned on. The mutual position of the ignition and
injection pulses (the type of a mixture) is verified at every
rising slope of the injection signal. Figure 9d explains why
only during the second cycle after the injection there is
a shut down of the blue colour of the indicator diode. Time
on Figs 9b and 9e is equal to the duration of several cycles.
This causes the indicator to show no delayed injection. It
does not matter much for a driver, as it is about 1/4 second.
On the other hand, it allows the indicator to work properly
at a very low rotational speed, e.g. 500 rpm. The wave-
forms shown in Fig. 9, similarly to Fig. 9c, show the change
of indication after the disappearance of injection pulses.
Figure 9f shows the reappearance of injection pulses and
the change of indication. This time, resuming a fuel injec-
tion creates a homogeneous mixture.

It can be concluded that the indicator correctly indicates
the type of a fuel mixture that is being supplied to the en-
gine of the car. The indication is carried out by the colour
of the LED diode. The indicator reacts to a change in the
type of a mixture created in less than one engine operation
cycle, with the exception of no injection indication. The no
fuel injection indication appears approximately Y4 seconds
after the last fuel injection. The time is short enough for the
indicator to work correctly.

4. The assessment of the usefulness of the mixture
type indicator for an economical driving style

4.1. Research methodology
The method of planned and conducted research results

from the concept of using the fuel mixture indicator in

maintaining an economic driving style. The indicator as

a device is to help the driver to cover the longest possible

section of the route while supplying the engine with a strati-

fied mixture. The indicator diode seen by the driver is to
help him to operate the accelerator pedal in such a way that
he can cover the longest distance in an economical way.

The indicator is not intended to put pressure on a driver, but

to help him or her to learn the economical driving style that

makes it possible to burn very poor mixtures.

The base of the test method for this research paper is the
comparison of fuel consumption for the mapped route driv-
en with and without the indicator. For the research to be
reliable, the following criteria were adopted:

— the route should be as long as possible (e.g. several
dozen kilometers),

— the route should be completed in similar road conditions
(e.g. at the same time of day, at a similar average speed),

— the route should be completed in similar weather condi-
tions (e.g. dry road surface, no strong wind, similar
temperature),

— the car should be driven by the same driver,

— the driver should be able to use the indications of the
indicator so as to complete the largest possible part of
the route on the indication corresponding to the strati-
fied mixture,

— the route should be completed several times.
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4.2. Plan and the course of research

In order to meet the criteria resulting from the research
methodology, a car was used for everyday commuting. This
enabled the reduction of the costs and time for conducting
research. A route with a length of approximately 84 km has
been adopted, consisting of two parts: commuting to work
for approx. 48 kilometers and returning approx. 37 km. The
map of the route is shown in Fig. 10.

Fig. 10. The map with a marked daily route

The route passes through the urban and non-urban areas.
A speed limit of 70 km/h applies over a long distance. The
first 10 km of the first route is located within the city limits
of Radom. The remaining 37 km are the route to Przysucha
on the national road No. 12. The second part of the route is
the return to Radom by the national road No. 12, which is
the same one. The first part of the route was driven in the
morning between 7' and 8% (Fig. 11). The second part of
the route was driven in the afternoon between 16% and 17
(Fig. 12).

Fig. 11. Speed and time of day during the exemplary run of the first part of
the route

Fig. 12. Speed and time of day during the exemplary run of the second part
of the route

The research was conducted in March and April 2021.
Ten runs of the route were analyzed with the use of the
indicator and five without the use of the indicator (the driv-
er did not see the indication). Only those runs, which took
place in similar weather conditions, were selected. Dry road
surface, similar temperature (approx. 10 degrees Celsius)
and no strong wind qualified the run for the analysis. In
order to assess the repeatability of the driving cycles, vehi-
cle speeds were presented and compared as a function of
the road (Fig. 13). Fuel consumption was measured during
each trip of the route (Table 2).

Fig. 13. Speed of travel at individual stages of the route during the exem-
plary run

During all the runs, the indications of the indicator were
recorded every half a second. Examples of indications dur-
ing the run in which the driver did not use the indicator (the
indicator was covered) are shown in Fig. 14a. Figure 14b
shows an example of an indication during which the driver
uses the indicator.

Fig. 14. Registration of the indicator operating during the run: a) in which
the driver does not use the indications, b) in which the driver uses the
indications

4.3. Analysis of research results

Figure 14a shows the recording of an indicator that is
invisible to the driver during the work. The run lasted 5250
seconds. Figure 14b shows the recording of an indicator
that is visible to the driver during the work. The run lasted
5400 seconds. Visually, it can be assessed that the use of
the indicator significantly increased the driving time on
a stratified mixture, i.e. economical one (green colour).
Table 1 presents numerically the times for the runs shown
in Fig. 14 with the division into the first and second part of
the route.
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Table 1. Route times for the cases shown in Fig. 14, divided into the first
and the second part of the route and with the percentage share of each
indication

Travel time for the

Travel time for the Time of travel

first part of the route second part of the of the entire route
route
Total With an Total | Withan | Total With an
indication indication indication

[s] [s] [s]

Without
the help
of the
indicator

With the
help of
an
indicator

3100

3300

2100

3125 95 1585 7.5

The numerical and percentage values presented in the
table clearly confirm that the driver using the fuel-air mix-
ture type indicator was able to drive a much larger part of
the route on the stratified mixture. Measurements of fuel
consumption (Table 2) confirm that the operation of the
engine in a stratified mixture is more economical.

Table 2. Fuel consumption for individual trips of the route

The average value of fuel consumption for trips using
the indicator was 6.27 dm’/100 km, while for trips without
using the indicator 6.98 dm?/100 km. Thus, the fuel econo-
my resulting from the economical driving style allowed by
the use of the fuel mixture indicator is 10.07%.

5. Summary

The article presents a simple electronic mixture type in-
dicator. It detects what mixture the engine with direct fuel
injection is supplied with. For operation, it uses signals
generated by the engine control unit. As a result of the
research, it was confirmed that the information generated
by the indicator helps the driver to drive more economical-
ly. The savings in fuel consumption in relation to driving
without the indicator are approx. 10%. They result from
deliberate and confirmed by indication driving on a strati-
fied mixture. Driving a longer distance with the engine
supplied with a stratified mixture (more economical) re-
quires the driver to drive in a proper style. The indicator's
usefulness is evidenced by the driving recording shown in
Fig. 14a in the range from 1200 to 2000 seconds, where the
driver, trying to maintain a constant speed, was driving on
a homogeneous mixture with short-term fuel cut-offs. Slow
acceleration to the target speed is also inappropriate from
the point of view of driving economy. It takes place while
supplying with a homogeneous (uneconomical) mixture for
a long time. From time to time (about 1 minute), the ECU
changes the type of mixture from stratified to homogene-
ous. This change takes approximately 10 seconds. During
this time, the driver should not change the position of the
accelerator pedal or increase the speed and then restore the
position of the accelerator pedal until the indicator shows
a stratified mixture.

The developed electronic indicator and the conducted
research allowed to clearly and positively verify its useful-
ness in an economical driving style.

Use of the indicator Fuel consumption
Trip number
[yes/no] [dm?] [dm*/100 km]
1. yes 5.27 6.27
2. no 5.8 6.90
3. yes 5.26 6.26
4. no 59 7.02
5. yes 5.33 6.35
6. no 5.87 6.99
7. yes 5.24 6.24
8. no 5.85 6.96
9. yes 5.25 6.25
10. no 5.88 7.00
Nomenclature

A/C analog to digital converter
D distance

ECU electronic control unit
GDI gasoline direct injection
Ii, injection pulse indicator

n engine speed

RGB red green blue

SI spark ignition

U; injection control signal

Ug;  ignition control signal

TDC top dead centre

TTL transistor-transistor logic

t injection time

tpym  injection pulse memorization time
v car speed

A air—fuel equivalence ratio
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1. Introduction

This paper describes part of a larger program to reduce
wear the set working parts (piston, piston ring and bearing
surface). The project is implemented through the develop-
ment of new designs of piston rings with anti-wear coating
that contains synthetic diamond in the form of loose em-
bedded in a coating of chromium (PRS). The main purpose
of coating is to reduce ring wear while maintaining or re-
ducing wear cylinder sleeve. Application for said part of the
research is EMD 645 engine. The engine used in this study
was manufactured by the Electro-Motive Division of Gen-
eral Motors Corporation (EMD). This engine is available in Fig. 1. EMD GP38-2 road-switcher locomotive
both naturally aspirated and turbocharged configurations,
and in V-8, V-12, V-16, and V-20 configurations [1]. It is
popular for locomotive applications in North America, as
well as in marine, industrial and power generation applica-
tions. For this program, the EMD 12-645-E engine was
chosen because it is commonly found in switcher and road-
switcher locomotive applications in North America, in
power ranges from 750 kW to 1,500 kW. Roughly 3,000 of
these switcher locomotives are in operation in North Amer-
ica. Figure 1 shows an EMD GP38-2 road-switcher loco-
motive, which is equipped with an engine like the one test-
ed in this program. Specifications for the EMD 12-645-E
engine are given in Table 1. The EMD 645-E engine is
a uniflow-scavenged, two-stroke, direct-injected diesel.
Figure 2 shows a power assembly from the EMD 645-E
engine. Figure 2 shows that the power assembly has four
compression rings on the piston crown and two oil control
rings at the piston skirt. Prior to testing, the model engine
was rebuilt, and equipped with a set of commercially avail-
able power assemblies, and broken in for 85 hours of opera-
tion.

Fig. 2. EMD 645-E power assembly [2]
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Table 1. EMD 12-645-E engine specifications [2]

Cylinders V-12

Bore 230 mm

Stroke 254 mm

Displacement/cylinder 10.6 dm®

Compression ratio 16:1

Power 1,100 kW

BMEP 5.9 bar @ 900 rpm

BSFC@ rated power 254 g/kWh

Air charging Gear driven roots — blower

Fuel injection Cam driven unit — injectors

Crankcase ventilation Crankcase fumes are returned into the
blower

Engine condition About 100 hgsgrgiil;lrllaﬁ)on complete

Emission certification EPA Tier 0 — switcher Cycle 2

2. Finite-element simulation
Finite element as such is a simple geometric shape — flat

or spatial, for which are set out special points called nodes,

and certain functions of interpolation, called functions
shape. The nodes are located at the vertices of the finite
element may also be placed against its sides, this is called
the higher order components [4, 5]. If the nodes are only the
vertices of the finite element is called a linear component or
element of the first row. The Government of the element is
always equal to the rank shape function, while the number
of functions in a single component shape corresponds to the
number of its nodes [3, 8]. All finite elements and nodes
must be numbered, usually seeks to ensure that the number-
ing will guarantee a minimum bandwidth of non-zero coef-
ficients matrix of equations [4, 8]. FEM concept assumes
that any quantity, for example, stress or strain described by

a continuous function, approximated discrete model. Dis-

crete model is composed of a set of continuous functions

defined in a finite number of subdivisions called elements,

to which divided the region [4, 8].

Individual continuous functions of the subdivisions is
determined by the value of the primary functions of a finite
number of points called nodes. To obtain a discrete model
should therefore:

— distinguish a finite number of nodes,

— nodes to determine physical quantities, subject to ap-
proximation — such as stress or displacement,

— divide the area in question on a finite number of ele-
ments,

— approximate size of the physical elements using poly-
nomial approximation, for example, ranks, or strings
[4].

Now that the finite element method is used widely, there
are many types and kinds of finite elements. In order to
determine the type of finite element makes the following
basic criteria characterizing featured item [6]:

— dimension of the element: one-dimensional — 1D, two-
dimensional — 2D, three-dimensional — 3D,

— geometric shape,

— the degree and type of shape function adopted,

— number of nodes in the element,

— constraints imposed on the item [5].

Due to the size of finite elements can be divided into
one-dimensional, two-dimensional and three-dimensional,
exemplary diagrams of data elements are presented below
[8]. Of the three-dimensional elements, which describe the
three-dimensional space, we can distinguish volume ele-
ments such as TETRA, PENTA, HEXA, and elements
axially — symmetrical. Due to the geometrical shape can
distinguish the following finite elements [2, 8].

In some cases, the mapping area of the curved lines use
elements with curved contours — isoparametric elements.
For ease of description of the geometry of the curved ele-
ments is transformed to the geometry of the core. We can
distinguish 3 classes of curved elements:

— isoparametric,

— superparametric,

— subparametric [8].

By constraints imposed on the finite element meant to
receive the possibility of movements in different directions
points that belong to this element. The element arises field
strains and stresses. In the space generally occurs 6 degrees
of freedom, while the number of degrees of freedom of the
finite element is presented below [4, 5, 8]:

— rod elements 2D and 3D {ux, uy, uz},

— Beam Elements 2D and 3D {ux, uy, uz, ax, ay, az},

— membrane elements {ux, uy},

— disc elements {ux, uy, az},

— plate elements {u, ax, ay} or {u, ox, ay, oxy},

— coating elements {ux, uy, uz, ax, ay, 0z},

— volume elements {ux, uy, uz}.

During the execution of the strength calculations band
of piston rings were carried out in order to calculate the
state of stress in the piston rings whose method of imple-
mentation and the scope can be reduced to:

1. Develop calculation module piston rings (Fig. 3).

2. Carry out calculations for the three engines of the Rings:
EMD 645, 10470, according S359 of Computing Module
Piston Rings.

Developed and implemented Piston Rings Calculation
Module is compatible with the idea of numerical computa-
tional methods is to say: functionally consists in carrying
out a calculation of the desire to achieve the exact solution
(the nearest is real) by conducting and receiving intermedi-
ate solutions (the next). Shown in Fig. 3, a block diagram of
a computing unit piston ring contains the names of the
functionality of each of the stages in the quest to achieve
the final effect, which is to define the geometry and materi-
al of piston rings. Presented a block diagram of a compu-
ting unit piston rings (Fig. 4) has a sub-module implement-
ed in the rump.

,Load calculation in the model assembly TPC combus-
tion engines using the MES”. Said sub-module is marked in
red and will be described in the task of work.

Spreadsheet — Data input at this stage, collected all
available data measurement in the piston ring grooves and
measurements of the diameters of cylinders, as well as data
on the materials from which the consortium member FPT
"Prima" SA can make piston rings. Then made estimates
based on empirical formulas and pre-defined geometry and
material of piston rings. The preprocessor — construction
geometry at this stage been set in the previous step geome-
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try of the rings. The construction geometry was carried out
in the preprocessor to the program Ansys CFD, construc-
tion geometry was based on coordinates of points then
combined their curves, which were spread on surfaces
which were then sealed in volume and given boundary
condition "solid".

Fig. 3. A block diagram of the computing unit of piston rings

Geometric correct — at this stage was inspected by
checking whether the geometry of the virtual rings are lo-
cated in annular grooves of the pistons. Preprocessor —
Discretization computing space, at this stage in the software
Ansys CFD made discretization or the distribution of ge-
ometry into a finite number of elements, choosing cubic
higher-order elements (Fig. 4).

Fig. 4. The discreet form a ring geometry of an exemplary EMD 645E -
mesh FEM

Discretization correct — at this stage was made to verify
the quality of discrete area of scanning all the elements of
the criterion: volume differences, differences in diagonals,
differences in lengths of the sides. SOLVER FEM -
Abaqus, at this stage, carried out all the necessary steps to

build a numerical model of the above/in the system; adop-
tion of stiffness matrix, the choice of a computing scheme,
specify the parameters of convergence, the number of steps
calculation, selection of sub-model heat transport etc. One
of the most important things was the introduction of bound-
ary conditions through proper task force vector. Verifica-
tion solution — at this stage completed the task of receiving
the first targets as a result of stress in the rings under two
conditions of load: compression (Fig. 5) and stretching
(Fig. 6) for each of the rings. After the analysis for each of
the rings to give the results. In Fig. 5 and Fig. 6 have been
included distribution of stresses and displacements for the
individual rings.

Fig. 5. View of the state of stress in the compression ring engine EMD645

The state in which the rings are shown in the figures k =
1.2 for the material. Noticeable is the accuracy of the high-
est stresses experienced during assembly ("expansion" of
the ring) are found in the most remote from the slot assem-
bly, a similar tendency appears in the case of compression
to close the lock.

Fig. 6. View of the state of stress in the tension ring exemplary engine
EMD 645E

3. Team durability test

The next subject of the research work was to test the du-
rability of internal combustion engine with self-ignition,
also equipped with steel piston rings made in the technolo-
gy of diamond coating of the first groove. The purpose was
to check the quantity of piston rings wearing with the dia-
mond-derivative coating on the external surface [7, 9-12].
The scope of work included the geometric measurements
and a description of the cylinders surfaces with whom they
cooperated.
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After the geometric measurements was made an instal-
lation of engine components in the engine EMD 645-E,
which was mounted on a test bench in the engine laboratory
in the Southwest Research Institute in San Antonio, USA.
The next step was the operation of the locomotive engine
Pacific 3450 Union in the ongoing 85 hours endurance test
at maximum, the value of 550 rev/min and a rated power of
650 kW. After completion of the test the rings were meas-
ured geometrically again to determine the value of the
wear.

The guiding idea of this endurance test unit is intensify-
ing extremely variable loads. The transition from the traffic
with a maximum torque of traffic without load at maximum
speed has intensified engine load, contributing to a measur-
able value of wearing, despite the relatively short duration
of the test.

This coating is a multilayer porous chromium coating
applied galvanically where in the pores after the reversed
polarity of the process is deposited synthetic diamond dust.
Coating constituted in that process is characterized by good
tribological properties, while ensuring a high hardness. In
the case of boundary friction and contact with surface as-
perities, in the similar technology hard alumina particle was
deposited and getting to the top of cylinder imbalances
caused the intensive use, of a considerable abrasive wear in
high temperature conditions. Elaborated coating is devoid
of this defect. Diamond as the hardest known mineral en-
sures a significant increase hardness of the coating in total.
At the same time in the case of boundary friction caused by
the contact of surface roughness’s between the ring and the
cylinder is accompanying increase in temperature causes
the transition of diamond into graphite. This occurs even at
973 K and higher. Thanks to this phenomenon this hardest
known mineral becomes a kind of grease. The coating con-
sists of twenty-two layers.

4. Measurement of the rings before and after the test

The tests were designed for two-stroke diesel locomo-
tive diesel engine type EMD 645 with a cylinder diameter
of 9.065 inch (230.2 mm). Each of the cylinders of the
engine is equal to the stroke volume of 10.35 liters. The
power of the engine varies between 0.6 MW for the six-
cylinder unit (10 engine weight 10,000 kg) supplied by the
Roots compressor, to 3.1 MW unit twenty-cylinder (19
engine weight 500 kg) powered by turbocharger. The tests
were powered by turbocharged engine EMD 645E3 (V12)
with a capacity of 1200 kW and a torque of 12,000 Nm.
Displacement volume is 124.2 liters. We found a place
where the motor was installed on the chassis dynamometer.
It is a Southwest Reasearch Institute in San Antonio, USA.
The tested engine EMD 645 is a typical power unit used in
the US market to drive diesel locomotive. The result of the
implementation of the sample was measurable wear on the
radial thickness and axial height of rings and cylinders and
pistons wear (Table 3, 4). The measurements were made in
accordance with the diagram in Fig. 7.

The average wearing value of the radial thickness, and
therefore the wearing of the chrome coating ring with PCD
is equal to: 13 um. The average wearing value of the radial
thickness of the rings is equal to a standard: 19 um. With
a measurement accuracy equal to 1 um differences between

the wearing of new rings and standard rings are very im-
portant.

Fig. 7. Measurement diagram of the piston ring

Table 3. Value of the axial height wearing of the rings after the test

Ring Value of the axial height wearing of the rings
after the test [um]

Num. 1 2 3 4 5 6 7 8 9 10
1b =5 9 4 5 4 7 7 4 7 9

2 14 3 10| 0 9 11 | 13 | 17 [ 9 10
3b 12 1 1 4 1 8 8 6 1 8

4 0 0 | -5 1 2 7 2 4 3 8

5b 3 3 0 4 6 2 7 0 3 0

6 0 4 7 1 2 [ 141 4 2 3 5

7 2|31~ 1 11 {17 10| -7]-5]-3
8b -2 2 3 4 6 3 15 1 20 | 11 7

9 1 1 0 |-6]-6|-1 5 0| -11]-5
10b 2 16 | =2 8 9 | 3|18 0 0 3

11 =7 3 | 2] -8 1 1 -1 5 5 8

12b 0 4 0 0 6 2 | -1 5 5

Table 4. Value of the radial thickness wearing of the rings after the test

Ring Value of the radial thickness wearing of the rings
after the test [um]

Num. 1 2 3 4 5 6 7 8 9 10
1b 13 | 11 | 14 ] 13 8 8 10 | 12 | 17| 4
2 18 9 | 73 ] 10 | 13 8 11 | 13 | 12 | 20
3b 13 |11 [ 10 ] 10 [ 11 | 12 | 9 7 6 12
4 24 | 18 | 24 | 26 | 27 | 23 | 22 | 28 | 18 | 21
5b 33 | 13 | 1417 [ 15|12 ] 9 12 [ 11 | 11
6 11 | 12 | 11 | 25 | 27 | 10 8 13 123 | 24
7 27 | 27 |26 |30 ] 19 | 19 | 18 | 24 | 17 | 22
8b 19 |16 [ 15 | 13 |15 | 14 |17 | 15| 14 | 14
9 8 9 14 | 18 | 22 [ 12 | 13 | 19 | 15 | 10
10b 15 |15 (16 | 18 | 14 | 11 | 11 | 13 | 14 | 12
11 13 |10 [ 20 [ 24 | 14 | 12 | 14 | 18 | 16 | 19
12b 15 |13 [ 13 ] 18] 14 |12 ] 14|17 |12 ] 10

Diamond - derivative coatings are mainly characterized
by a lower friction coefficient and a much greater resistance
to wear in comparison to rings that are covered by the
common superhard coatings. Without a doubt, the applica-
tion of such coatings will have an impact not only to extend
the life of system piston-ring-cylinder, but also will reduce
fuel consumption even under the most strenuous conditions
of work of the unit.

5. Measurements of emissions of exhaust
components
During the tests, the emissions of exhaust components
were also measured. Measurements were made before the
start of the test in the zero state and after its completion.
The values of sulfur dioxide (SO,) emissions, particulate
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matter emissions, carbon monoxide (CO), hydrocarbons
(HC) and nitrogen oxides (NO,) were measured. These
values are summarized in Table 5 as emissions per 1 liter of
consumed fuel. As the load during the group durability test
was constant, the values of the content of the said toxic
components in the exhaust gases were measured many
times and converted in relation to the amount of fuel con-
sumed in the test, creating the emission values. An excep-
tion is the value of sulfur dioxide emissions, which is the
result of the consumption of lubricating oil when using
sulfur-free fuel. In this case, the results are given in ppm.

Table 5. Emission value of the toxic exhaust components of an EMD 645
engine before and after the team endurance test

Chemical compound measured Emission Emission
before test after test
Sulfor dioxide, SO,, ppm 0.15 0.18
Particulate matter, g/dm’ 2.16 2.15
Carbon monoxide, CO, g/dm® 9.46 9.85
Hydrocarbons, HC, g/dm3 4.32 4.55
Nitrogen oxide, NO,, g/dm’ 81.02 90.5

The emission values were referenced to the amount of
fuel consumed in order to be a benchmark for the emission
limit of individual compounds, which in the US (target
market of the FPT Prima S.A. project consortium) is usual-
ly given in grams per gallon of fuel consumed. In summary,
it can be stated that the tested emissions are within the
standards applicable to the EMDG645 engine in the USA.

Throughout the test, many engine performance indica-
tors were discreetly measured. The measurement was per-
formed every 3 seconds of the subject operation during the
85 hours of the team endurance test. As a result, a very rich
research material was obtained. The engine is running
around its maximum torque value. Due to the fact that the
measurement of engine performance indicators was per-
formed, every 3 seconds, it is a large database consisting of
102,000 records collected in the so-called running; here is
an example screen with Run055. The analysis of all the
collected material allowed for the drawing of a number of
utilitarian conclusions.

6. Summary and conclusion
In conclusion obtained maxima strain ring, which comes
to maximum stress. On this basis it was concluded that the
rings meet designed in terms of strength required Formed
during both compression and installation pistons [8].
Studies show that with % increasing of the carbon in the
coating composition and decreasing of the hydrogen

amount is related to improved strength and wear resistance
at the time of no lubricating function of the lubricant. The
use of diamond — derivative coatings is a new direction in
the development of technology for internal combustion
engines.

Replacement of worn parts of the piston-ring-cylinder
set would decrease considerably their properties and their
improvement has a definite dimension, so the use of such
modern shells prolonging the life could change a lot on
what evidence may be carried out research and very prom-
ising results. These the hardest coatings available on the
market today are increasingly used, mainly in the automo-
tive and electronic equipment. The properties of these coat-
ings and getting their increased popularity also contribute to
the decrease in costs associated with their production, and
the problem of their insufficient thickness will likely be
solved with the most modern methods of hardfacing on
components.

Solution to the given research problem is based on the
results of these studies of 85-hour endurance test. They
allow you to acquire new knowledge and skills in the man-
ufacture of coatings PCD, in particular the constitution
layers of diamond coating with a specific weight percentage
composition. Positive test results realized in Southwest
Research Institute in San Antonio in the US pose a real
chance to increase the quantities of produced rings with
diamond coating for large combustion engines powering
locomotives and small inland waterway vessels in the US
and in the future perhaps for small internal combustion
engines for use in vehicles like a cars, thus extending their
life.

Diamond - derivative coatings can be applied to ele-
ments working in high-speed diesel engines and because of
the opportunity to work at very high temperatures [14].
They also exhibit good adhesion to the substrate steel and
cast iron, and less stress their own, so they seem to be
a breakthrough in the use of materials with excellent tribo-
logical properties. A complete set of advantages of applying
diamond — derivative coatings contains very high hardness
(70 GPa), high value electrical resistance, relatively low
weight, and most importantly, low coefficient of friction
and excellent wear resistance.
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The article presents the results of analysis of operational parameters of piston engine CA 912 ULT which is
a propulsion system of ultralight gyroplane Tercel produced by Aviation Artur Trendak. Research was conduct-
ed under normal operating conditions of the autogyro and data was collected from 20 independent tests includ-
ing a total of 28 flight hours, divided into training flights and competition flights. Engine speed, manifold air
pressure and temperature, fuel pressure, injection time, and head temperature were recorded at 9 Hz during
each flight. Collective results were presented to show the statistical analyses of the individual parameters by
determining the mean values, standard deviations and histograms of the distribution of these parameters.
Histograms of operating points defined by both engine speed and manifold air pressure were also determined.
Analyses of the engine dynamics as a distribution of the rate of change of the engine rotational speed were also
carried out. It was shown that the engine operating points are concentrated mainly in the range of idle and
power above 50% of nominal power. The most frequent range is 70-80% of nominal power. It was also shown
that the dynamics of engine work in real operating conditions is small. It was also shown that the way of use
significantly influences the distribution of operating points. During training flights, an increase in the number of
take-offs and landings causes an increase in the amount of engine work at take-off and nominal power and at
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1. Introduction

Aviation is a rapidly developing sector, where the latest
solutions are being introduced and modern technologies
used [13]. Modern materials make it possible to reduce the
aircraft empty weight, electronic systems improve flight
safety, and introduction of electric and hybrid drives reduc-
es the negative environmental impact [3]. However, the
development of electric propulsion systems is still in its
early stages, and most aircraft use internal combustion
engines for propulsion [6, 17].

In order to meet the increasingly demanding require-
ments of both minimising engine weight and efficiency,
engine components are being modified and their overall
design optimised. This includes the shape of components as
well as materials and manufacturing technologies.

One of the fastest growing branches of aviation is ul-
tralight aviation, i.e. small, maximum two-seat aircraft with
take-off mass not exceeding 600 kg [8, 14]. They are charac-
terized by a short take-off and landing runway, possibility of
using grass airfields, simplicity of operation and maintenance
as well as simplified procedure for approval for production
and use. Piston engines are most often used as propulsion
systems. They are characterized by simplicity of construc-
tion, low inertia, low failure rate and low weight [11].

The development of ultralight aircraft propulsion sys-
tems is mainly aimed at increasing the power-to-weight
ratio. The aim is to minimize the size and reduce the weight
of engine components, while maintaining adequate power.
Another solution is to increase power while maintaining or
slightly increasing the weight of the engine. A common
solution is therefore the turbocharging systems [10]. It

allows to obtain higher power at similar weight. However it
leads to increase of the mechanical and thermal load of the
engine. This requires increased attention in operation and
maintenance.

A fundamental aspect of aviation is safety. During oper-
ation, the pilot is obliged to constantly observe selected
parameters of the propulsion unit and the whole aircraft.
This allows early detection of damage or malfunction and
appropriate action for safe further operation. For this pur-
pose, on the aircraft are built appropriate sensors and in-
struments presenting the important parameters [12, 20].

The development of electronic systems has led to the
replacement of analog instruments by electronic systems.
This allows not only a better presentation of parameters but
also their recording. This makes it possible to collect this
information during normal operation and analyze it after the
flight. These data can be used for example for optimization
of propulsion units construction.

The availability of data allows to perform numerous
studies on the distribution of engine performance under
normal operating conditions. The authors of paper [1] show
that the conditions of real operation significantly differ
from the conditions of tests conducted as part of vehicle
type approval. They showed that the differences between
emissions in the test and in reality are significantly greater.
It is also confirmed by the research conducted by [9, 21,
23]. With the authors of the paper [9, 23] focusing primari-
ly on identifying differences in emissions between these
conditions, the authors of the paper show as focusing on
analyzing the causes of these differences [21]. They show
that the difference lies primarily in dynamic conditions.
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This is also demonstrated by the authors of the work [4, 22]
highlighting the significant contribution of dynamic states
under normal vehicle operating conditions. They show that
dynamic conditions occupy from 20% to 50% [22] of en-
gine operating conditions in motor vehicles.

As demonstrated by the authors of paper, dynamic con-
ditions significantly affect the propagation of the flame
front [18] and thus the results of the combustion process
[5]. It is therefore important to test engines under these
conditions [14].

For aircraft engines or engines operating in hybrid as-
semblies, the contribution of dynamic conditions is much
smaller [24]. As it was shown by the authors, it ranges from
5 to 20% of the engine operating time [25]. The difference
also includes the average conditions of steady state engine
operation. In the case of motor vehicles, the average condi-
tions correspond to about 20-30% of the nominal power [2],
while in the case of engines, they are much higher [25].
However, detailed analyses of the distribution of aircraft
engine operating points under real operating conditions are
lacking.

This paper presents an analysis of performance of modi-
fied Rotax — CA 912 ULT engine, used to propel the Tercel
autogyro in real operating conditions.

2. Methodology and research object

2.1. Research object

The research was carried out on a Tercel autogyro with
registration number SP-XXLX, produced by Aviation Artur
Trendak company. It is a two-seat ultralight aircraft, de-
signed for recreational, training, sport and demonstration
purposes in ground visibility conditions. The Tercel autogy-
ro is shown in Fig. 1. Table 1 presents basic technical data
of the tested autogyro.

Fig. 1. Tercel autogyro produced by Aviation Artur Trendak

The Tercel is powered by a CA 912 ULT engine, which
is a modification of the Rotax 912 engine most commonly
used in ultralight aviation. The power supply system was
rebuilt: two constant vacuum carburetors were replaced by
multi-point port injection system. In addition, the engine
was equipped with a turbocharger with an exhaust gas pres-
sure control valve, allowing the maximum charge pressure
to be limited. The technical data of the CA 912 ULT engine

are shown in Table 2. Figure 2 shows the engine perfor-
mance characteristics [26].

Table. 1 Technical data of Tercel autogyro [26]

Dimensions
Rotor Diameter 8.60 m
Rotor Disc Area 60.82 m?
Rotor blade chord 0.20 m
Overall length (without rotor) 5.04 m
Hull width 2.35 m
Cabin width 2.20 m
Cabin width 1.36 m
Overall height 2.35 m
Wheel diameter 2.87 m
Weight
Maximum take-off weight 560 kg
Empty weight 295 kg
Payload weight 265 kg
Propulsion System
Engine gear ratio 1:2.43
Propeller diameter 1.72 | m
Propeller KASPAR Aero 2/3 LT
Fuel tank capacity 120 | 1
Table. 2 Technical data of CA 912 ULT engine [26]

Parameter Value
Cylinder no. 4 — boxer
Displacement 1211 cm®
Cylinder diameter 79.5 mm
Piston stroke 61 mm
Compression ratio 9.0:1
Engine gear ratio 243:1
Fuelling system Indirect, multipoint injection system

Auris by Auto&Aero technologies
Turbocharging Turbocharger with an exhaust gas

pressure control valve

Fig. 2. Performance characteristics of the engine [26]

2.2. Scope of research

The aim of the study was to analyze the statistical dis-
tributions of the basic parameters of the aircraft engine
operation in real operating conditions. The data acquisition
system Flight Data Recorder FDR K.01 developed by Au-
to&Aero Technologies Sp. z 0.0. was used to carry out the
tests. It collects the information sent from the avionics
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system and the fuel injection system via RS485 communi-
cation (Fig. 3).

Fig. 3. Flight Data Recorder used in the research

The tests were conducted from 11.06.2021 to
22.06.2021. There were 20 independent tests (flights) di-
vided into two types of tasks: training flights (Flying
School) and flights during the competition (Sport Competi-
tions). Training flights included mainly full Airfield traffic
pattern with full landing or touch-and-go. The time to com-
plete one Airfield traffic pattern was about 20 minutes and
the time for a single recording ranged from 30 to 60
minutes. There were 14 flights with a total duration of 15
hours and 20 minutes during which a total of 37 take-offs
and landings were made. Flights during the competition
(Microlight Championships of Poland) included mostly
distance flights lasting from 45 to 120 minutes. They in-
cluded a total of 6 flights with a total duration of 12 hours
and 45 minutes involving 6 takeoffs and landings. During
the flights, the following parameters, among others, were
recorded at 9 Hz:

— Air speed, km/h;

— Altitude, m. asl;

— Climb rate, m/s;

— Rotor speed, rpm;

— Crankshaft speed, rpm,

— Intake manifold pressure, kPa,
— intake manifold air temperature, °C,
— fuel pressure, kPa,

— oil pressure, kPa;

— oil temperature, °C.

— 2 x head temperature, °C.

— 2 x exhaust temperature, °C.

2.3. Methodology

This article presents the results of statistical analysis of
selected parameters obtained from all flights. The analysis
included the engine operating point determined by two
basic parameters: engine speed and manifold air pressure.
To determine the dynamics of changes in operating condi-
tions, the rates of changes of engine speed and manifold air
pressure were determined. They were determined as the
slope of the straight line approximated from consecutive 9
measurement samples. Data were grouped into two blocks:

data from training flights (Flying School) and data from
flights during the competition (Sport Competitions).

For each block of data statistical analyses were per-
formed including determination of distributions of analyzed
parameters. Results were presented as histograms. Addi-
tionally, analysis of two-dimensional distribution as a func-
tion of engine speed and manifold air pressure was per-
formed.

3. Analysis of results

3.1. Analysis of engine operating conditions

Figure 4 shows the distribution of engine operating
point rates during training flights (Flying School). The
operating points are defined by engine speed and manifold
air pressure. Two groups of operating points can be seen:
the idle range (n = 1500-2000 rpm and MAP = 20-40 kPa)
and the heavy engine load (n = 4500-6000 rpm and MAP =
80-150 kPa). The highest frequent engine operating points
occur at idle for 1500-2000 rpm and intake manifold pres-
sure 30—40 kPa and their rate is 14.2%. In the case of high-
er engine loads, the highest frequency is 13.8% and occurs
at 4500-5000 rpm and MAP = 110-120 kPa, which corre-
sponds to about 80% of the nominal engine power. There is
also a significant occurrence of the engine starting power (n
= 5500-6000 rpm and MAP = 140-150 kPa) amounting to
4.5% in the studied flights. This power is used during take-
offs. A large part of engine work is also at nominal power
(n =5000-5500 rpm and MAP = 120-140 kPa) — it is about
11.3%. It corresponds to the climb after take-off. A very
small proportion of intermediate conditions is also evident.

Fig. 4. Distribution of engine operating points during training flights

Figure 5 shows the analysis of engine operating points
distribution for the flights during the sport competition. It
can be seen that most of the time the engine was running at
n = 4500-5000 rpm and MAP = 110-120 kPa. The engine
worked at this point as much as 54.3% of the total engine
operating time. The second most frequent point was the
same rpm and lower MAP pressure = 100-120 kPa. The
engine ran 26.2% at this point. Engine idling (n = 1500-
2000 rpm and MAP = 30-40 kPa) was only 5.4% and at
takeoff power 1.8%. Compared to the distribution for the
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training flights (Fig. 4), a significant concentration of oper-
ating points is evident, as well as measuring the idle and
takeoff power section specific to the landing and takeoff
stages.

Fig. 5. Distribution of engine operating points during the sport competition

To further analyze the engine speed distribution, the
analysis was performed with reduced intervals to 100 rpm
(Figs 6 and 7). For the training flights, the highest frequen-
cy of occurrence was a speed around 1800 rpm correspond-
ing to engine idle. The engine operated at this speed 12.9%
of the total engine run time. The second most common
speed range is around 4800 rpm. The 47004800 rpm range
is 8.4% and the 4800—4900 rpm range is 8.1%. These rang-
es correspond to a cruising power of about 75% of the nom-
inal power of the engine. The next range is the rated power
at 5300-5400 rpm and 5400-5500 rpm occurring at 6.9%
and 6.2% respectively. The speed range 2000-2500 rpm,
corresponding to the engine warm-up process, is also
a significant part of the engine work and occupies a total of
9%. This is due to short single flights, for which the warm-
up time is a significant part.

Fig. 6. Distribution of engine speed during training flights

Fig. 7. Distribution of engine speed during the sport competition

For the sport competition flights (Fig. 7), the spread of
engine speed occurrences is much smaller. Most of the time
the engine was running in the 4700-4800 rpm range: 34%.
This is the point corresponding to 75% of nominal power
being the optimum flight speed for this model of autogyro.
Due to the small number of take-offs and landings and the
engine warm-up process, the speed ranges corresponding to
these states occur much less frequently. Idle is only 4%,
warm-up is 1.5% and take-off power is 1.4%.

Similar distributions are seen when the manifold air
pressure is analyzed (Figs 8 and 9). For training flights
(Fig. 8), the most common pressure is the 35-40 kPa range
corresponding to engine idle. This occurs for 14.5% of the
engine operating time. The pressure ranges from 100 to 120
kPa occur with a similar frequency of about 6—8%.

Fig. 8. Distribution of manifold air pressure during training flights

This range (100-120 kPa), on the other hand, dominates
for flights during the sport competition. It occupies more
than 50% of the engine operating time, with the range
around 115-120 kPa being the most represented (27.9%).
As with the previous analyses, a much smaller share of idle
and take-off power is evident here as well.
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Fig. 9. Distribution of manifold air pressure during the sport competition

Another analysis included the rate of change of engine
speed (Figs 10 and 11). For training flights (Fig. 10), more
than 90% of the operating time is stable conditions in which
the rate of change of engine speed does not exceed +50
rpm/s. For competition flights (Fig. 11), 95% of the engine
operating time is within this range. For training flights,
I stick out 1.8% of the values of decreases over 200 rpm/s
and about 1.7% of increases above 200 rpm/s. These values
are due to the landing (taking off the throttle before land-
ing) and takeoff (rapid addition of throttle) stages.

Fig. 10. Distribution of the rate of change of engine speed during training
flights

For sport competition flights, these values occur much
less frequently (Fig. 11). This is due to both fewer takeoffs
and landings and a different, smoother control by the expe-
rienced pilot.

The stability of engine operating conditions is even
more apparent when the rate of change of manifold air
pressure is analyzed (Figs 12 and 13). For both groups of
flights, the pressure practically does not change faster than
+2 kPa/s.

Fig. 11. Distribution of the rate of change of engine speed during the sport
competition

Fig. 12. Distribution of the rate of change of manifold air pressure during
training flights

Fig. 13. Distribution of the rate of change of manifold air pressure during
the sport competition

4. Conclusions
The following conclusions can be concluded from the
study:
1) The aircraft engine is operated at predominantly steady
state conditions. The speed does not vary more than +50
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rpm/s for 90% of the training flight time and 95% of the
competition flight time. The difference in the rate of
change of engine speed with different groups of flights
shows that the transient conditions occur mainly during
takeoff and landing.

3) Takeoffs and landings strongly influence the engine
operating point distribution. During takeoff and climb
immediately after takeoff, the engine operates at takeoff
power or nominal power while during landing it idles.
This is due to the way windlasses are controlled, where

2) Aircraft engines operate at average high loads. During the engine is switched to idle during descent to landing.
the flights, the most common operating condition was In summary, the operation of an aircraft engine mainly
an engine load of 70-80% of nominal power. For sport  consists of stable operation under heavy load.
competition ﬂlghts, this range covered more than 50% Acknowledgments
of the total engine operating time. The second most fre- . .
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1. Introduction

It is estimated that almost 70% of global emissions of
harmful compounds from maritime transport fall within 400
km from land, and have a significant impact on air quality
in the coastal zone [1]. The increase in the traffic of com-
mercial ships going to ports, not only the largest but also
medium and small ones, causes a significant deterioration
of air quality in coastal areas, and thus affects human health
and the ecosystem. In recent virtual meeting, the Interna-
tional Maritime Organization (IMO) working group agreed
on a set of draft guidelines to support mandatory measures
to reduce the emissions of all ships [2]. The MEPC Marine
Environment Protection Committee (MEPC 76) has adopt-
ed amendments to Annex VI to the International Conven-
tion for the Prevention of Pollution from Ships (MARPOL),
which will require ships to reduce greenhouse gas emis-
sions (GHG). These changes combine technical and opera-
tional approaches to improve the energy efficiency of ships,
in line with the targets set in the IMO's initial 2018 GHG
reduction strategy, and are important building blocks for
future GHG reduction measures. The new measures will
require all ships to calculate the Efficiency Existing Ship
Index (EEXI) of existing ships in line with technical
measures to improve their energy efficiency and establish
an annual operational carbon intensity indicator (CII) and
assess CII. The intensity of carbon dioxide emissions links
greenhouse gas emissions with the transport work of ships.
The changes apply to ships of 5000 gross tonnage and
above (ships already subject to the ship fuel consumption
data collecting system requirement). These ships are re-
quired to define the required annual operational carbon
dioxide intensity (CII). Ships will receive an assessment of
their energy efficiency (A, B, C, D, E — where A is the
best), which will be included in their mandatory Admin-
istration Compliance Statement. Administrations, port au-
thorities and other stakeholders, as appropriate, are also
encouraged to provide incentives to A or B rated ships. The
key decision was the establishment of reduction factors for
the CII.

With 2019 as the base year for the reference lines, the
reduction factor defines the mid-point of the C-rating band
for each year. The CII reduction rates were set to increase
by 1 percentage point (pp) per year for 2020-2022, fol-
lowed by 2 pp per year for 2023-2026. The rates for 2027-
2030 will be decided as part of the review to be concluded
by 1 January 2026. The reduction factors are as follows [3].

Table 1. Reduction factors [3]

Year Reduction from 2019 reference
2023 5%
2024 7%
2025 9%
2026 11%
2027-2030 To be decided

The ban will cover the use and carriage for use as fuel
of oils with a density at 15°C higher than 900 kg/m’ or
a kinematic viscosity at 50°C higher than 180 mm?s. Ships
involved in ship safety or in search and rescue, and ships
involved in oil spill preparation and response would be
exempted. Ships that meet certain design standards with
regard to the protection of fuel tanks will have to comply
with the requirements on or after 1 July 2029 [2].

Firstly efforts are made to develop more and more per-
fect technologies to reduce pollutant emissions. Secondly
new energy sources are sought, including fuels from renew-
able sources. This group includes biobutanol as a product of
biomass fermentation [4], [5].

The authors of the paper [6] examined he effects made
by using various n-butanol-diesel fuel blends on the com-
bustion history, engine performance and exhaust emissions
of a turbocharged four-stroke, four-cylinder, CRDI 1154HP
(85 kW) diesel engine. At first, load characteristics were
taken when running an engine with normal diesel fuel (DF)
to have 'baseline' parameters at the two ranges of speed of
1800 and 2500 rpm. Analysis of the changes occurred in the
ignition delay, combustion history, the cycle-to-cycle varia-
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tion, engine efficiency, smoke, and exhaust emissions ni-
trogen oxides (NOy), carbon monoxide (CO) obtained with
purposely designed fuel blends was performed on compara-
tive bases with the corresponding values measured with
‘baseline' diesel fuel to reveal the potential developing
trends.

In reference [7], the authors presented bio-butanol as
a renewable, environmentally friendly, and economical
alternative fuel that, like many other alternative fuels such
as methanol, ethanol, and natural gas, is also considered to
be one of the most advantageous fuels to replacement for
conventional petroleum fuels (such as gasoline or diesel
fuel). Bio-butanol fuel has recently been used as an alterna-
tive fuel to conventional fuels for IC engines (gasoline or
diesel engines) to meet some environmental and economic
considerations. Compared with conventional fuels (gasoline
and diesel fuels), bio-butanol has many advantages, so it
has the potential to reduce vehicle emissions, thereby im-
proving the atmospheric environment, reducing energy
demand pressure, and significantly decreasing the car's
dependence on non-renewable resource.

The research works are underway with the use of fuel
blends in combustion engines and includes research on
engine design also. In the paper [8], dynamic flow rates of a
common rail injector using diesel fuel and different biofuels
were determined. As biofuels, fatty acid methyl esters orig-
inating from canola, poultry, cattle and used cooking oil
were tested. The tested fuels exhibited different physical
properties e.g. density and viscosity.

In reference [9], the authors presented an experimental
investigation of the relationship between the pulse width of
a gasoline engine port fuel injector and the quantity of the
fuel injected when butanol is used as a fuel. Two isomers of
butanol, n-butanol and isobutanol, are considered as poten-
tial candidates for renewable, locally produced fuels capa-
ble of serving as a drop-in replacement fuel for gasoline, as
an alternative to ethanol which poses material compatibility
and other drawbacks.

2. Research object

The tests were carried out on the laboratory stand of the
Cegielski-Sulzer 6AL20/24 marine diesel engine located in
the Laboratory of Operating Marine Power Plants of the
Mechanical and Electrical Faculty of the Naval Academy in
Gdynia. The laboratory stand is presented in Fig. 1 and the
technical data are shown in Table 2.

Fig. 1. The marine diesel engine laboratory stand

The Testo 350 Maritime portable exhaust gas analyzer
was used to measure the concentrations of harmful com-
pounds in the laboratory stand. The analyzer is designed to
measure gas concentrations:
= oxygen (Oy),

— carbon monoxides (CO),
— carbon dioxide (CO,),

— nitrogen oxides (NOx),
— sulfur dioxide (SO).

The device can be used as a stand-alone measuring sys-
tem or part of the system. The tested marine diesel fuel
(MDF) is a sulfur-free fuel, therefore sulfur oxide were not
included in the conducted research.

Table 2. Marine diesel engine Sulzer type 6AL20/24

Specification
Piston arrangement Inline
Cylinder diameter 200 mm
Piston stroke 240 mm
Displacement volume 1 cyl. — 7.54 dm®
Nominal power 420 kW

Starter pressure compressed air — 3 MPa
Number of cylinders 6
Number of valves per cylinder 4

According to the theory of experiment planning, one of
the most important task is to determine the set of quantities
characterizing the research object in terms of the investiga-
tion problem. Based on analysis, a qualitative simulation
model of the object was developed. The following simplifi-
cations were adopted in the planned experiment:

A set of constant values, due to their invariable influ-
ence on the output values, are not considered;

The set of disturbing quantities are ignored due to the
research conducted in similar environmental conditions;

The set of input quantities x are limited to the following:
torque — T, engine speed — n, butnol concentration in the
fuel — Cpy;

The set of output quantities are limited to: concentration
of carbon monoxide in the exhaust manifold (Ccg), concen-
tration of nitrogen oxides in the exhaust manifold (Cyoy),
concentration of carbon dioxide in the exhaust manifold
(Cco2), 0xygen concentration in the exhaust gas (Cop;).

Based on the theory of the working process and curves
of characteristics, it can be assumed that the diesel engine is
a non-linear object due to the exhaust gas emission. The
nonlinear nature of the object, described by a function in
the form of a nonlinear polynomial, is best reflected by
plans with at least three input values. It is assumed that at
least in model three output values are taking into account to
calculate the linear and quadratic effects for them and the
interactions between them. These plans were developed by
Draper and Box-Behnken, compiled by Connor and Zelen
[10], relatively simple 3" (k-p) three-valued fractional
designs and their variation — fractional designs for two- and
three-valued quantities. The analysis of the poliselection
plans shows that in the assumed experiment it is possible to
apply a complete 3° (3-0) three-valued poliselection plan
consisting of 1 block and 27 measurement points, which
meets the requirements in terms of its feasibility and with
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acceptable efficiency. Adopting one measuring block in the
layout of the plan is associated with the adopted assumption
that the tests are carried out under almost unchanged envi-
ronmental conditions. This assumption excludes the need to
eliminate the impact of changes in test conditions as quanti-
ties corresponding to higher-order coefficients. Their im-
pact is considered to be negligible, and there is no need to
statistically assess the significance of this impact [10].

The complete three-valued plan was selected for the ex-
periment, consisting of 1 block and 27 measuring points
(Table 3). The selection of one measuring block was asso-
ciated with the assumption that the tests were carried out
under almost unchanged environmental conditions.

Table 3. The configurations of parameters and concentration applied in the

experiment
The config. The engine The water The conc.
number speed break torque of n-butanol
n [rpm] T [kN'm] Cou [%0]

1 600 0.98 0
2 600 0.98 5
3 600 0.98 30
4 600 2.81 0
5 600 2.81 15
6 600 2.81 30
7 600 4.65 0
3 600 4.65 15
9 600 4.65 30
10 675 0.98 0
11 675 0.98 15
12 675 0.98 30
13 675 2.81 0
14 675 2.81 15
15 675 2.81 30
16 675 4.65 0
17 675 4.65 15
18 675 4.65 30
19 750 0.98 0
20 750 0.98 15
21 750 0.98 30
22 750 2.81 0
23 750 2.81 15
24 750 2.81 30
25 750 4.65 0
26 750 4.65 15
27 750 4.65 30

Calculations of the emission intensity were carried out
on the basis of the obtained measurement data in the exper-
iment. They were used to prepare maps of the emission
intensity of harmful compounds during the combustion of
n-butanol fuel blend. The emission intensity of individual
harmful compounds calculated on the basis of equation:

ejZU'Cj'meX (1)

where: M, — exhaust mass flow rate, ¢; — concentration of
the exhaust component, u —the coefficient depending on the
exhaust component.

3. Results and discussion

Figure 2 presents a comparison of mass fuel consump-
tion of the engine fed with marine diesel engine and blend
n-butanol fuels. One can notice that the fuel consumption
are similar for all tested points. In the case of measuring
points with lower values engine load, fuel consumption is
lower for blended fuel. In the measuring points with higher
values of load, the fuel consumption values are slightly
higher in relation to the marine diesel fuel (MDF).

Fig. 2. Comparison of the fuel consumption for the engine fed with
blend n-butanol fuel and MDF

Figure 3 shows a comparison of the overall efficiency
for engine fed by tested fuels. There is a significant increase
in the efficiency values in case of using the n-butanol mix-
ture. It is connected with the oxygen and additional carbon
and hydrogen atoms in the fuel chemical compounds. Due
to the measuring device used in the experiment, it was not
possible to measure the hydrocarbons in the exhaust gas.

Fig. 3. Comparison of the engine efficiency for the engine fed with
blend n-butanol fuel and MDF

Figure 4 presents a comparison the specific NO, emis-
sion for tested fuels. In general, the blend n—butanol fuels
have higher values of specific NO, emission compare to
marine diesel fuels and the tested C,,, = 15% n-butanol fuel
has the highest values in conducted tests.
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Fig. 4. Comparison of the specific NOx emission for the engine fed with
blend n-butanol fuel and MDF

Figure 5 presents a comparison the specific CO emis-
sion for the engine fed with tested fuels. Most of the con-
ducted tests show a reduction in the specific emission value
in relation to MDF. This demonstrates the improvement of
the combustion conditions of blended fuels.

Figure 6 presents a comparison the specific CO, emis-
sion for the engine fed with tested fuels. The values of the
specific emission are comparable. However, more accurate
calculations show a slight decrease in value relative to the
MDF. This is more evident with lower values of rotational
speeds and lower values of engine load. The exception are
configuration points 25, 26 and 27 in which a reduction a
value of specific emission was recorded to blend n-butanol
fuel.

Figures 7-9 show the surface graph of emission intensi-
ty exhaust components: carbon monoxide, carbon dioxide
and nitrogen oxides for the tested rotational engine speed
(600, 675, 750 rpm). The graphs were created to illustrate
the changes in the intensity of the emission of harmful
compounds depending on the n-butanol concentration and
the engine load. The matrixes are based on data obtained on

a) b)

the basis of research carried out at the previously mentioned
points of the experiment.

Fig. 5. Comparison of the specific CO emission for the engine fed with
blend n-butanol fuel and MDF

Fig. 6. Comparison of the specific CO, emission for the engine fed with
blended n-butanol fuel and MDF

<)

Fig. 7. The surface of emission intensity: a) carbon monoxide, b) carbon dioxide, c) nitrogen oxides at rotation speed n = 600 rpm
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a) b)

<)

Fig. 8. The surface of emission intensity: a) carbon monoxide, b) carbon dioxide, c) nitrogen oxides at rotation speed n = 675 rpm

a) b)

c)

Fig. 9. The surface of emission intensity: a) carbon monoxide, b) carbon dioxide, c) nitrogen oxides at rotation speed n = 750 rpm

4. Summary

Research results are satisfactory and will be continued.
This is particularly evident in the designated overall engine
efficiencies, which have significantly increased. The con-
tent of molecular oxygen improved the combustion process
in relation to marine diesel fuel. The next tests stages will
be supplemented with hydrocarbon concentrations and will
cover the remaining area of the load field of the marine
diesel engine. The research will focus on issues directly

related to the optimal selection of the n-butanol fuel blend.
It is planned to conduct optimization process aimed at min-
imization of emissions harmful compounds from the marine
diesel engine relative to then-butanol concentration used in
the fuel blend. Based on the emission results it can be con-
cluded, that the blend fuel represents a good fuel alternative
for marine fuel in minimalizing greenhouse gases and
therefore it should be taken into consideration in the future
of marine transport.

Nomenclature

CO carbon oxide

MDF  marine diesel fuel

CO, carbon dioxide NO, nitrogen oxides
GHG  greenhouse gas
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1. Introduction

The popularity of 48 V hybrid drivetrain systems is sys-
tematically increasing in modern cars. This is not without
reason, given the very ambitious legal targets to reduce the
emissions of CO, and other pollutants, their use is increas-
ingly justified. Fuel consumption can be reduced by up to
20% compared to a car without this system [1-3]. The
components of 48 V technologies are diverse and are con-
stantly evolving, which allows them to implement the
above-mentioned tasks in various ways. These are, for
example a Belt Integrated Starter Generator (BISG), Crank-
shaft Integrated Starter Generator (CISG), which can both
drive the internal combustion engine (ICE) and recover part
of the braking energy, or electrically driven compressors
(eBooster® [4]) supporting the work of the ICE turbo-
charger. An important advantage of the 48 V technologies
is a very favorable relation between the costs of their im-
plementation and the results obtained, compared to drive
systems with a higher supply voltage or purely electric cars.
Attention should be paid to the fact that 48 V is a safe volt-
age, which is not without significance when it comes to
handling or using cars equipped with this technology.

In rallying, the competition takes place with the use of
cars, the vast majority of which are to a lesser or greater
extent based on mass-produced cars. For this reason, they
are related to the current technological trends of the auto-
motive sector. The consequence of this relationship are the
activities of the International Automobile Federation (FIA),
which realizes the strategy of implementing hybrid and
electric propulsion systems for cars taking part in rallies.
The first representation of this direction from the next 2022
season will be the Rallyl group [5]. These cars will be
equipped with a 100 kW rear-axle mounted electric motor
and a 3.9 kWh battery. The first presented Rallyl car was
the Ford Puma Rallyl, built by M-Sport, so the official
Ford Motor Company rally team [6]. At the same time, it is
planned to hybridize lower groups of rally cars. Therefore,
consequently, subsequent groups, i.e. Rally2, Rally3 and
Rally4, are also to be equipped with alternative drive sys-
tems. Due to the limited level of car modifications and
much more cost-oriented thinking in these groups compared

to Rallyl cars, they cannot be equipped with the same hy-
brid system. It must meet such conditions as: a significantly
reduced level of costs, the possibility of retrofitting existing
rally cars, ensuring operational safety with relatively easy
to implement procedures.

The current work is based on discussions between the
FIA and car manufacturers interested in participating in
rallies. M-Sport takes part in the above-mentioned discus-
sions and conducts internal research of possible solutions in
their rally cars. One of the most important findings so far is
the supply voltage of these hybrid systems, i.e. it was de-
fined at 48 V. The final cost limit and the selection of com-
ponents in the 48 V technologies still remain to be deter-
mined. Aspects such as the development of the system
operation strategy are also important issues and, conse-
quently, the determination of the battery capacity. In motor-
sport, it is also necessary to pay attention to the increase in
weight of the car, as it directly affects the decrease in the
performance. At the present stage of works, it is assumed
that the applied system will increase the car's performance
and reduce the emission of harmful substances. Following
functions of the 48 V components are discussed:

— Recovery of braking energy,
— ICE support in transient states by means of an electric
motor or electrically driven compressor.

2. Hybrid drivetrains 48 V

The possibilities offered by the 48 V technology include
partial recovery of previously irretrievably lost braking
energy, or ICE support, especially in transient states. Alt-
hough the approach differs, the goal is one — to implement a
technology that will reduce fuel consumption and improve
ICE performance at a reasonable cost level.

48 V hybrid drivetrain systems are implemented in
many different forms. Possible variants of integration of
these systems with the car are presented in Fig. 1. It shows
four currently known combinations of connecting the elec-
tric motor with the car propulsion system [1]:

— PO - to the internal combustion engine through the ac-
cessories belt,

— PI1 - to the internal combustion engine through the
crankshaft,
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— P2 — to the gear input (disconnection from the combus-
tion engine possible),

— P3 — to the gear output through gears (disconnection
from the combustion engine possible),

— P4 — to the rear axle drive system (no connection to the
internal combustion engine).

Fig. 1. Possible variants of the 48 V hybrid drivetrains in the car

The PO configuration, the main element of which is
BISG, was adopted as the first choice for a broader analy-
sis.

2.1. BISG

The choice of the PO configuration is not accidental. An
important argument when implementing 48 V technologies
is, above all, the ease of its integration with both new and
existing rally cars. When choosing BISG, it is not necessary
to redesign the driveline and all the integration work will
focus on the ICE accessory drive. It should be added that in
the case of configurations other than PO, the problem would
be to find parts from series production that are universal
enough to be able to integrate them without significant
interference with other car systems. Another advantage of
BISG is their relatively good availability on the market,
which is the reason for their more and more frequent use in
mass-produced cars. It should be noted here that both the
FIA and other manufacturers participating in the discus-
sions about hybrid rally cars prefer to use as many parts
from series production as possible. To sum up, the lack of
flexibility with possible integration with the car, higher
costs and currently low popularity of configurations other
than PO in mass-production mean that they will not be ana-
lyzed at the moment. This is aimed at reducing implementa-
tion costs by using existing components, as well as increas-
ing R&D and marketing potential by using serial parts
under extreme rally conditions. In the Rallyl car, a dedicat-
ed hybrid system in the P3 configuration was used, howev-
er, in this group, the cost of building the car and its opera-
tion is at a much higher level. BISG can perform the fol-
lowing functions [1]: engine starting, generating electricity,
supporting the ICE in various situations, and as a result, it
also allows extending the operation of start-stop systems
through the so-called sailing [3]. BISG with a power of up
to 13 kW of maximum motor power and up to 7 kW of

continuous motor power is assumed o use and such systems
are now available on the market [2].

2.2. Electrically driven compressor

To further increase the benefit of a 48 V installation, an
electrically driven compressor is contemplated. One such
solution is eBooster® [4]. Its operation is based on a com-
plementary action in relation to the ICE turbocharger,
thanks to which in states of high demand for torque, it sig-
nificantly reduces the ICE response time. In addition, it was
confirmed in tests that eBooster® improves acceleration
time by about 18% compared to the car without it and by
3% compared to the version with BSIG while consuming
less than half of the electricity [4]. Rally cars use internal
combustion engines with relatively small displacements, i.e.
between 998 cm’ and 1620 cm’. It is required by the FIA
regulations, which at the same time reflect the current
trends of the automotive sector. With the assumption of
obtaining high output parameters of these engines, it is
necessary to use turbochargers with high efficiency. This
causes a delay in the operation of the turbocharger, espe-
cially at low and medium ICE speeds. To prevent this, the
Anti Lag System (ALS) is used, which ensure a quick re-
sponse of the turbocharger in transient states, but also in-
crease fuel consumption and can increase the engine operat-
ing temperature and reduce the durability of the turbo-
charger. An electrically driven compressor can potentially
replace the ALS system and thus its disadvantages will be
eliminated. Taking into account the above benefits, the ease
of integration with the car and the complementary operation
of the above-mentioned system with a 48 V system, its use
will be further analyzed for use in a rally car.

2.3. Diagram of the analyzed 48 V hybrid system

The configuration of the 48 V hybrid drive system in-
tended for further analysis for use in the Rally2, Rally3 and
Rally4 rally cars is shown in Fig. 2. Similar solutions have
already been tested with good results for use in production
cars [4, 7]. This system consists of the following 48 V pow-
ered components:
— BISG,
— Electrically driven compressor.

Additionally, components of the 48 V system (not
shown in the diagram) are:
— 48 V battery,
— DC-DC converter.

Fig. 2. Diagram of the analyzed 48 V hybrid system
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3. Characteristics of the car

The Ford Fiesta ST Rally3 is a rally car that is being ana-
lyzed for the use of 48 V hybrid drivetrain. The car is pre-
sented in Fig. 3.

Fig. 3. M-Sport Poland Ford Fiesta ST Rally3

It is a rally car designed and manufactured by the M-
Sport Poland company. Table 1. presents the basic technical
data of the above-mentioned car.

Table 1. Basic technical data of the Ford Fiesta ST Rally3

Parameter Unit Value

Weight of the car kg 1210

Engine type - turbocharged, petrol
Number of cylinders - 3
Displacement cm’ 1496

Maximum power kW 158 (FIA 30 mm restrictor)
Maximum torque Nm 400

Drivetrain - constant four wheel drive
Transmission - five speed sequential gearbox

5. Analysis of the car rally section in terms

of energy that can be recovered by BISG

A rally consists of both Special Stages (SS), which, as
defined by the FIA, are timed speed test on roads colsed to
the public for the rally and Road Sections, which are the
parts of an itinerary which are not used for SS [8]. From the
point of view of the analyzes carried out, the most im-
portant are the SS, because there the actual sports competi-
tion takes place and the system analyzed will be used.

The first stage of further work was to calculate the ener-
gy that can be obtained by regenerative braking using
BISG, analyzing for this purpose a section of the FIA ERC
(FIA European Rally Championship). The rally section was
analyzed, as it is assumed that between sections it will be
possible to charge the 48 V battery of the hybrid system.
This stage of the analysis is very important as further deci-
sions regarding the capacity of the 48 V battery or the oper-
ating strategy of the systems depend on it. The rally section
schedule is shown in Table 2.

Taking into account the above, the analysis of the possi-
bility of energy obtained from regenerative braking on the
SS was carried out. The calculation of the braking power

and energy was performed using the data on the instantane-
ous value of pressures in the front and rear brake circuits
stored in the car's data logging system. A rally with a gravel
surface with high average speeds was selected to verify the
worst case, i.e. with the lowest possible braking energy of
the car.

Table 2. Rally section characteristic

Length of Unit Value
SS1 km 18
SS2 km 17
SS3 km 29

The calculations were performed by determining the
pressure force of the pistons in the brake calipers, knowing
their surface based on the measured value of the instantane-
ous pressure in the front and rear brake circuits. Then, the
circumferential force on the active circumference of the
brake discs was calculated taking into account the coeffi-
cient of sliding friction in the disc brake. The last step to
calculate the total braking force Fy was to calculate the
braking force on the dynamic radius of the tire, taking into
account the active radius of the brake disc and the dynamic
radius of the tire. The pressure in the brake circuits was
measured with a constant sampling frequency, which al-
lowed to record the instantaneous value of pressure every
At = 0.1 s. For the road in the analyzed case, for the section
where braking occurred, the braking work Wy was deter-
mined according to the relationship (1) (taking into account
that Ax — 0):

Wg= [ Fpdx (1)

The braking power was determined subsequently as be-
low in (2) (taking into account that At — 0):

AW
APy = == @

where in (1) and (2): Ax — road increment, Wg — work of
braking force, At — time increment, APz — instantaneous
braking power.

The work Wy performed during braking is treated as the
energy Eg needed to brake the car, which theoretically can
be used for the BISG drive. The Figures 4-6 shows the
braking power and vehicle speed from SS1, then on the
next SS2 and SS3.

Fig. 4. Braking energy and vehicle speed during SS1
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Fig. 5. Braking energy and vehicle speed during SS2

Fig. 6. Braking energy and vehicle speed during SS3

The maximum values of the braking power for each SS
are presented in the Table 3.

Table 3. Maximum braking power in SS1, SS2 and SS3

Maximum braking power in Unit Value
SS1 kW 52
SS2 kW 48
SS3 kW 41

It can be assumed that when using BSIG, in which the
maximum power of generating electricity is up to a maxi-
mum of 14 kW and in continuous mode up to 10 kW, the
recovered energy will be much lower, because the calculat-
ed values of the maximum values of the braking power
significantly exceed them. Another significant limitation
when analyzing the ability to regenerate braking energy is
the design of the 48 V battery itself and the maximum elec-
tric current that can be charged by the BISG. As it was
researched the currents within the 48 V MHEV (Mild Hy-
brid Electric Vehicle) battery are significantly higher than
in the BEV (Battery Electric Vehicle) with voltage usually
around 400 V [9]. These high currents in the 48 V applica-
tions are serious challenge in terms of battery design.

Using data form the same SS, the braking energy was
calculated, which is theoretically available for the applica-
tion of regeneration braking, driving the BISG and thus
charging the 48 V battery. The results are presented in Figs
7-9 for each of analyzed SS.

Fig. 7. Braking energy in SS1

Fig. 8. Braking energy in SS2

Fig. 9. Braking energy in SS3

In the above figures of the braking energy, only cases
where the driver's foot was off the accelerator pedal were
taken into account, i.e. at these moments the BISG system
could perform regenerative braking.

Note that these are theoretical values as the following
was not considered in this analysis:

— the resistance in the drive train while driving the BISG,

— the maximum possible power generated by BISG,

— the maximum electric current that the BISG can charge
the battery with.

When analyzing the curves of these graphs, it can be no-
ticed that there is a constant and continuous increase in
energy generated as a result of braking. At the same time, it
is good phenomenon considering the possibility of using
regenerative braking in the rally, which can be a significant
part of the energy possible for use in the 48 V hybrid drive
system.
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An attempt to answer what part of the determined theo-
retical braking energy is possible to recover was made on
the basis of the previously conducted researches [2]. On
their basis, it can be concluded that about 62% of the brak-
ing energy is recoverable and about 36% of this energy was
recovered during these tests using BISG with parameters
similar to the assumed ones. The conclusion from this is
that a total of 1493 kJ would be recovered when driving the
analyzed SS. This amount of energy would allow the BISG
to be powered for 115 seconds in maximum power mode
and 213 seconds in continuous power mode. Comparing
this to the times obtained from all stages, the driver would
be able to use the additional power generated by the BISG
as shown in the Table 4.

Table 4. SS time percentage at which BISG or eBooster® can be used

Parameter Unit Value
BISG maximum power 13 kW % 53
BISG continuous power 7 kW % 9.8
eBooster® maximum power 5 kW % 13

It should be noted here that the maximum power of
BISG support, i.e. 13 kW, can only be generated for 5 sec-
onds [2], so finally the percentage of the BISG support that
can be used will fall between the two values listed in the
Table. By analyzing the possibilities of using the recovered
energy for eBooster®, the maximum power is 5 kW, its use
would be possible for 295 s, and consequently the percent-
age of the eBooster® support in relation to the all SS dis-
tance is presented in the Table 4.

This discussion does not take into account the SOC
(State of Charge) of the battery, showing only the potential
for using the energy from regenerative braking. It can be
concluded that the above-mentioned the results, assuming
the use of a 48 V battery with a capacity properly matched
to the characteristics of rallies, along with the possibility of
charging them between sections, will be much better.
Moreover in order to achieve even better parameters of the
analyzed system possibility of use supercapacitors should
be recognize to reduce peak battery current and handle with
the high power during acceleration and capture more regen-
erative braking energy than with the battery itself [10].

6. Operation modes and equal competition

The use of a 48 V hybrid drivetrain system combined
with regenerative braking creates completely new challeng-
es in rallies as to the way they are used. The FIA is current-
ly discussing this on the Rallyl group. Looking at FIA
series such as Formula 1, WEC and Formula E, it can be
concluded that planning kinetic energy recovery and its
subsequent use during a race is an increasingly large part of
the racing strategy. As an example of the importance of
energy planning in motorsports where regenerative braking
is used, the Formula E principle is that cars enter the race
with 70% of the battery charge and the missing 30% must
be recovered by regenerative braking during the race [11].

In the case of the 48 V hybrid drive system in the Ral-
ly2, Rally3, Rally4 groups, it is important to understand the
following issues:

a method of aligning systems coming from different

manufacturers,

— regenerative braking mode or modes,

— BISG ICE support mode or modes,

— the operating strategy of an electrically powered com-
pressor.

It should be assumed that each of the manufacturers in-
volved in the creation of Rally2, Rally3, Rally4 cars with a
48 V hybrid drivetrain system will want to use components
from their series-produced car models. For this reason,
BISG, DC-DC converters and potentially electrically driven
compressors will vary from one rally car to another. Taking
this into account, the most advantageous element of the
system, in order to equalize parameters between systems, is
to develop a battery with specific, identical parameters for
all. Determining battery parameters such as maximum volt-
age, capacity, charging/discharging powers (these parame-
ters should be determined in relation to the capabilities of
the BISG with the lowest power) will potentially allow
limiting and, as a result, equalizing performance between
systems from different manufacturers. Standardized battery
parameters between different systems would create a real
limitation in the use of BISG.

Regenerative braking modes must strive for maximum
energy recovery, but also take into account the different
conditions of the car's grip on the road and the driver's
preferences. A more sophisticated brake-by-wire system
can be used, where the braking signal given by the driver
will then be processed and as a result will automatically
decide whether to use traditional or regenerative braking
and to what extent. When the brake-by-wire solution turns
out to be too complicated and thus expensive, it is also
possible to adopt a strategy that regenerative braking takes
place with a constant predefined intensity and the braking
force needed by the driver above it is obtained by activating
traditional braking. In this case, it is necessary to define the
number of predefined strategies and their intensity levels in
order to cover as many variants of the car's grip on the road
as possible.

The ICE assist mode of the BISG depends primarily on
the decision to use an electrically driven compressor in the
system. If used, then according to the research carried out
and the logic of the ALS system, which must operate along
the entire length of the SS, the electrically driven compres-
sor would have priority in operation over the BISG. In other
studies it was proved that the influence of an electrically
driven compressor on the improvement of ICE characteris-
tics in transients is more favorable than BISG, and this with
lower energy consumption. In the event that the electrically
driven compressor would not be finally applied, then the
support of the ICE by the BISG would take on a much
greater role. In such a case, it is necessary to define the
method of turning on this support and define the limits of
its use (e.g. the limit of energy during a single activation).
The aim is that the use of this support should be evenly
distributed over the entire length of the SS as far as possi-
ble.

The electrically driven compressor, intended to replace
the current ALS system, would have to operate along the
entire length of the SS, in line with the ICE's transient
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needs. The 48 V hybrid drive system must be configured so
that it is possible to use an electrically driven compressor
on all SS in the section between battery charges.

7. Conclusions for further work

The next steps to draw conclusions for discussion with
the FIA regarding the implementation of 48 V hybrid pro-
pulsion systems should be to analyze the different operating
strategies of the BISG and the electrically driven compres-
sor and simulate the energy consumption by them in sec-
tions of different rallies. The pool of rallies analyzed should
be as large as possible so that the conclusions drawn are
consistent with the actual use of the system. Then, having
the specified electric energy consumption and energy re-

coverable during regenerative braking, the parameters of a
battery that meets the assumptions regarding the capacity
and charging/discharging power should be determined.
Then it will be possible to create a prototype of the system
and start testing in conditions similar to real ones, which
will allow validating numerical simulations as well as
checking the durability of components in the extreme rally
use.
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Nomenclature

ALS  turbocharger anti lag system

BEV  battery electric vehicle

BISG belt integrated starter generator

CISG crankshaft integrated starter generator
ERC  European Rally Championship

FIA International Automobile Federation
ICE internal combustion engine

MHEV mild hybrid electric vehicle

SOC  state of charge

SS special stage

Ax road increment, [m]

W work of braking force, [kJ]

At time increment, [s]

APg instantaneous braking power, [kW]
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1. Introduction

The assumptions of the European Green Deal and the
pursuit of climate neutrality influence the development of
BEV [3, 8-10].

However we can describe electric means of transport as
‘ecological’, the actual emissions generated by the electric
vehicles are associated with the fuel structure occurring in
particular country. Then we can say ‘100% ecological’ or
‘climate friendly’ about vehicles that are powered mainly
from renewable energy sources.

According to the last submission of the national air
pollutants’ emission inventory [5, 6, 12], Polish energy mix
(structure of the fuel combusted) in the public power
generation sector consists of 81% solid fuels, mainly hard
coal and lignite. Considering the energy mix, the air
emissions from electric vehicles in Poland can be qualified
as translation of coal emissions to the road transport sector.

That means the ecological properties of electric vehicles
are associated mainly to the national energy mixes in
energy production sectors. There are very limited number
of scientific publications taking into account comparison
between the air pollutants’ emissions associated with the
BEV, and with ICE vehicles in terms of the energy mix
used for electricity production [2, 3]. This fact gives an
opportunity for investigating the ‘ecological side effects’
associated with the BEV, and generated as a result of
applying of the national energy mix based on the fossil
fuels.

2. Methodology

The article compares the emission of harmful
substances caused by cars which are equipped with: internal
combustion engines, and electric motors. Basing on the sets
of parameters that affect fuel consumption and,
consequently, the emission of harmful substances (descry-

bed in three criteria, as below), there are compiled together
a pairs of cars (fuel powered vs. electric).
Classification criteria [12]:

1. The ratio of the maximum power output [kKW] to the
car's own weight in kilograms. Its aim is to select cars
with the most similar engine performance. When the
criterion is used for cars with internal combustion
engines, it is also named ‘balance weight ratio’. The
reason for this is the higher (approximately a constant
multiple) curb weight of a car with an electric motor
compared to its internal combustion counterpart,
resulting from the design of the drive. Therefore, in
order to obtain a reliable result, this disproportion had to
be levelled. Criterion No. 1 has been expressed by the
formula (1):

P

mxq

Q=

where: P — maximum power output [kW], m — curb
weight of the car [kg], q — balance weight ratio for cars
with internal combustion engines = 1.215.

2. Using this criterion it is possible to select cars with the
most similar geometrical dimensions, i.e. the length and
height of the car. The mentioned parameters also affect
the ability to overcome air resistance of a similar value
(translating into fuel consumption). The values of which
result from a similar maximum power of the engines of
the compared cars. Criterion No. 2 has been expressed
by the formula (2):

ey

Ixh
Q=+ 2
where: P — maximum power output [kW], 1 — length of
the car [m], h — length and height of the car [m].
3. The purpose of this criterion is to select cars of the
similar rolling resistance and hence of the similar
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energy consumption and emissions. Rolling resistance
depends on the tire width and the maximum engine
power, as well as the acceleration time. Criterion No. 3
has been expressed by the formula (3):

Qs =

where: P — maximum power output [kW], w, — tire

width [mm)], t — acceleration time (0—100) km/h [s].

The assumptions for comparing cars with each other
were:

— matching a car with an internal combustion engine to
a car with an electric engine according to the enume-
rated criteria,

— finding the results of the criteria in the tolerance field of
+0.01 in relation to each other,

— fulfilment of all criteria.

The comparative criteria were selected so that the
compared cars were as similar as possible to each other in
terms of technical parameters following the design purpose
of their use, geometric parameters that affect fuel/electricity
consumption, as well as the work performed by engines
during operation, which translates into the similar
consumption of supplied energy.

In order to obtain meaningful results, both cars (electric
vs. fuel powered) of different brands were compared with
each other, selecting cars with internal combustion engines
from specific ranges of engine displacement i.e. (§00-1400)
cm’®, (1401-2000) cm® and above 2000 cm’® (Fig. 1) and
cars of the same brand (Fig. 2).

P

Wo Xt

3

Fig. 1. Summary of the criteria for the selection of cars for testing in terms
of engine displacement. G — gasoline, D — diesel

Fig. 2. Summary of criteria for selecting vehicles for testing because of the
brand of vehicle. G — gasoline, D — diesel

In order to calculate the emissions from the selected
ICE vs BEV pairs, the authors calculated the emission of
individual harmful substances from combustion processes
from a source appropriate for the type of engine for the
averaged mileage per year for Polish conditions (including
cold start parameter) [4] in a mixed driving cycle.

The emission of CO, NO, and PM from cars with an
internal combustion engine was determined based on the
formula (4) [7]:

Ejj = Mjx X EFj “4)

where: E; — emission of pollutant i [g], EF;;x — emission
factor of pollutant i for vehicle category j and technology k
(type of fuel and engine displacement) [g/veh-km], M; —
distance driven by vehicle of category j and technology k
[km].

The emission of CO, from cars with an internal
combustion engine was determined based on the formula

) [
Ecoz = EFjjm X FC Q)

where: E; — emission of pollutant i [g], FCj,, — fuel
consumption of vehicle category j using fuel m over the
distance driven by vehicle [g], EF;;, — fuel consumption-
specific emission factor of pollutant i for vehicle category j
and fuel m [g/kg].

The emission of SO, from cars with an internal
combustion engine was determined based on the formula

) [7]:
ESOZ = 2 X kS X FCm (6)

where: Egg, — emissions of SO, per fuel m [g], k, — weight
related sulphur content in fuel of type m [g/gsq], FCp, — fuel
consumption of fuel m [g]

The emission of harmful substances from BEV was
determined on the basis of the formula (7) [7]:

E; = N x EF, x M (7)

where: E; — emission of pollutant i [g], N — consumption of

the electric energy [Wh], EF; — emission factor of pollutant

i for electricity produced by installations for combustion of

fuels [g/Wh], M — distance driven by vehicle [km].
For the calculations the following data were used:

— fuel and electricity consumption over a distance
(catalogue data),

— emission factors for harmful substances for cars with
internal combustion engines [1, 7],

— TSP emission factors from the tyre and brake wear and
road abrasion [7],

— emission factors of harmful
combustion installations [6],

— weight and calorific value of gasoline and diesel oil
(catalogue data).

3. Results

The described methodology allowed for the selection of
cars and carrying out the research using the computational
method. The results concerning the emission of pollutants
are presented in the Figs 3—-6.

substances by fuel
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Fig. 3. Comparison of CO, emissions for the selection of cars for testing in
terms of engine displacement. BEV — navy blue, ICE — light blue, G —
gasoline

Fig. 4. Comparison of emissions of CO, NOy, PM and SO, for the
selection of cars for testing in terms of engine displacement. G - gasoline

Fig. 5. Comparison of CO, emissions of selecting vehicles for testing
because of the brand of vehicle. BEV — navy blue, ICE - light blue, G —
gasoline, D — diesel

4. Conclusions

The calculations, as well as the information collected in
this article, show that the emissions of carbon dioxide and
harmful substances from cars with electric engines and cars
with internal combustion engines mainly depend on factors
such as:

Fig. 6. Comparison of emissions of CO, NOx, PM and SO, selecting
vehicles for testing because of the brand of vehicle. G — gasoline, D —
diesel

— type of internal combustion engine (spark-ignition or
compression-ignition),

— displacement of the internal combustion engine,

— energy mix.

After conducting a comparative analysis, it can be
concluded that in Polish conditions, introducing cars with
electric engines into circulation at the expense of
withdrawing cars with internal combustion engines is not
unequivocally positive.

This is evidenced by the results obtained which show
that the CO, emission from BEV is higher than for cars
with combustion engines except for the engines of engine
displacement above 2000 cm’ (Figs 3 and 5). In the case of
CO emissions, it is clear that for ICEs powered by gasoline,
the emissions are higher than for BEVs, but for ICEs
powered by diesel, the emissions are lower than for BEVs.
For the remaining pollutants, the emissions from ICE are
lower than for BEV.

Summing up, the results of the research and the
presented analysis of sources show that for the current
energy mix in Poland, increasing the number of cars with
an electric engine while reducing the number of cars with
internal combustion engines will not have a better impact
on the natural environment and human health, because the
content of CO, NO,, SO, will increase in the air. In the case
of CO, emissions, it will slightly decrease.

The comparative analysis conducted in this paper can be
a reference point for further research on electromobility in
the context of the energy mix or electricity and power
supply. The aim of the research may be to determine the
legitimacy or directions of development of electromobility
in terms of its impact on the natural environment and
economic aspect. It is also possible to expand the included
methodology of comparative analysis to include cars
powered by other types of fuels, such as natural gas or
biofuels.

Nomenclature

BEV battery electric vehicle NO, nitrogen oxides

CO  carbon monoxide PM  particulate matter

CO, carbon dioxide SO, sulphur dioxide

ICE internal combustion engine
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1. Introduction

A large number of vehicles with internal combustion
engines requires constant efforts from manufacturers to
develop as eco-friendly a car as it is possible to protect the
human environment. The legislator dictates the standards
for the toxicity of exhaust fumes from car engines. Scien-
tists and car manufacturers try to meet the requirements set
out in the standards. It is becoming more and more difficult.
The concept of "eco-driving" has been in use for some time.
It can be understood as applying a driving style by drivers
that reduces fuel consumption and thus the emission of
toxic substances, especially CO, [1-3]. There have been
many scientific publications on this issue [4]. Many of them
present the parameters of the traction of the car and the
behaviour of the driver. These are data collected from on-
board diagnostic systems or directly from sensors and actu-
ators thanks to the use of a variety of measuring devices.
On-board diagnostic systems provide a number of parame-
ters that determine their operation. They can be read with
a diagnostic tester in the real-time data reading mode [4].
However, many testers do not provide an option to save
read data. There are specialized devices available on the
market that can record selected real-time data of mecha-
tronic systems through a diagnostic connector. Unfortunate-
ly, the cost and limitations of such recorders are an obstacle
to obtain the necessary data. The second method of collect-
ing information in traction is the registration of specific
signals directly from sensors and actuators (e.g., fuel injec-
tors). Various mobile and stationary recorders are used for
this purpose. Often applied and very universal, they are
compatible with computers (e.g., a laptop). Their goal is to
sample selected signals with an appropriate frequency and
save the values in disk sets. This method has both ad-
vantages and disadvantages. The biggest advantage is the
possibility to configure the measuring device in a very
simple way and a number of options available for the user
in this respect. There are also downsides, the first of which
is the cost of the device, ranging from several to even tens
of thousands of zloty. The second disadvantage is the ina-
bility to analyse the measured signals in real time, and the

ability to only save their values. Due to that, the data ob-
tained by this method are formed in files of a very large
volume, whereas the useful information contained is often-
times relatively small. There are also restrictions as far as
the recording time is concerned due to the amount of
memory samples installed in the measuring device.

The analyses of the behaviour of drivers and the work of
mechatronic systems carried out as a part of the "eco-
driving" often require collecting data over long periods of
time (e.g., several days or several months). These are slow-
ly-changing data (e.g., vehicle speed, accelerator pedal
position, temperature, etc.) Thus, their measurement and
recording can take place at a low frequency (e.g., every 0.5
seconds). High accuracy is not required for many of these
signals (e.g., it is enough to measure the vehicle speed with
an accuracy of 1 km/h).

In analyses related to eco-driving, accurate and fast-
changing data may also be needed (e.g., duration of all fuel
injections with accuracy of 1 ps). Collecting them in the
form of an injection signal recording at a frequency that
provides the required accuracy over long distances will
result in the creation of large data sets. For this reason, it
will be impossible to implement, even for many profession-
al measurement systems.

As a result, there is a problem of collecting various data
from mechatronic systems in a long-distance traction.

The aim of this article is to present embedded systems
as recorders of slowly-changing parameters (e.g., vehicle
speed) that occur in mechatronic systems of cars over long
periods of time.

Such measurements are especially useful in various
analyses of mechatronic systems of cars related to the "eco-
driving" and wherever the observation in a long period of
time is necessary (e.g., a month).

The proposal to use embedded systems to collect slow-
ly-changing data in the car traction is justified primarily by
the low price of the devices and the ability to analyse sig-
nals in real time. In some cases, the real-time data analysis
allows you to significantly reduce the amount of data col-
lected without losing useful information. The method of the
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analysis is precisely defined by the researchers in the form
of a program implemented by a microcontroller. The idea
of using embedded systems to collect data in traction arose
from the need to collect data and, at the same time, the lack
of financial resources to purchase a professional measure-
ment system. Therefore, it is directed to young researchers
of automotive issues as well as students of automotive
faculties. However, it should be remembered that it has
limitations related to the computing power of the microcon-
trollers used as well as the quality of the A/D converter.

Being able to register and then analyse the results can
certainly support the work related to increasing the reliabil-
ity and optimization of the car's mechatronic systems.

The use of an embedded system as a simple and at the
same time specialized computer gives the opportunity to
not only collect, but also to analyse data in real time and
then save the results. However, in order for a simple and
very cheap computer to simultaneously perform a special-
ized measurement task, it must be properly programmed.
Such a program has to be written by a user who knows
what information he or she wants to collect and how to do it
[5]. Therefore, programming skills are required, which in
the case of an engineer (e.g., of mechatronics) is an easy
ability to obtain. Many engineers know the basics of micro-
controller programming due to their faculty, most often in
the form of C++ language [6, 7].

The article presents some examples of measuring sig-
nals and parameters in a car with the use of an embedded
system.

2. Embedded systems

Embedded systems as simple computers equipped with
software have been developed in recent years for various
microprocessors. The most famous are as follows: Arduino,
Raspberry Pi, Nucleo, etc. Due to the price, hardware avail-
ability, and dissemination in the academic and student envi-
ronment, Arduino was chosen to present as an exemplary
measuring device. The microcontroller used in Arduino is
the least effective among the above-mentioned platforms.
Nevertheless, it is able to carry out some of the measuring
tasks with sufficient accuracy and quality. For more de-
manding measuring tasks, other embedded systems can be
used that are more advanced and more expensive than Ar-
duino.

The literature presents a lot of different applications of
specialized computers with embedded software. Embedded
systems are primarily used to control various processes and
devices. The use of embedded systems for recording slow-
ly-changing parameters in running cars was not found.
Hence the proposal for such an application of a simple and
cheap computer in automotive research.

2.1. ARDUINO boards as simple computers

There are several types of embedded systems for the
ARDUINO development platform. The most common ones
are the following: Arduino Uno, Arduino Nano, Arduino
Mega (Fig. 1).

All of the above-mentioned boards are made of a micro-
controller, a quartz resonator, a USB-RS232 converter,
a supply voltage stabilizer, a RESET button, signalling
diodes, and sockets: USB and power (the latter is not pre-

sent in the nano board). They are in the form of a printed
circuit board with led out digital and analogue ports.

Fig. 1. Examples of Arduino computers (boards)

Arduino Nano and Arduino Uno boards have the AT-
mega328P microcontroller. It is equipped with three types
of memory, such as:

Flash (32kB) — dedicated to the program code,

SRAM (2kB) — as operational memory,

EEPROM (1 kB) — as a non-volatile memory for storing
results.

The first 2 kB of flash memory is occupied by the facto-
ry-installed software used to start the computer and load the
user's software, the boot loader. It acts as such a micro—
operating system. The ATmega328P microcontroller is also
equipped with one 10-bit analogue-to-digital converter. It
enables the measurement of voltage values on analogue
inputs in the range from 0 to a given reference value (5 V
maximum). Digital ports operate in the so-called 5 V logic.
Thus, signals with other voltages require adjustment [6].

2.2. Simple signal matching systems

For the correct identification of binary signals, it is re-
quired that their voltage is within the range from O to 5 V.
Many signals in the mechatronic systems of cars change in
this range. There are also binary signals, the amplitude of
which reaches approximately 14V (Fig. 2).

Fig. 2. An example of a binary signal with an amplitude exceeding 5 V
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There are also signals similar to square waveforms, but
they are not square (Fig. 3). They carry information about
the moment of their occurrence and duration, while their
amplitude carries no information. Before introducing the
microcontroller to the digital port, it is necessary to shape
and adjust their amplitude.

Fig. 3. An example of a signal similar to a square one

Some sensors in mechatronic systems generate analogue
signals in which the information is contained in the fre-
quency. An example may be the signal from the inductive
speed sensor of the car wheel in the ABS system (Fig. 4).

Fig. 4. An example of an analogue signal that carries information only
through frequency

Such a signal also changes amplitude with speed. How-
ever, its amplitude is not dependent on speed alone. There-
fore, transforming it into a square signal will not cause the
loss of the carried information, but it will enable the intro-
duction to the digital input of the microcontroller.

The signals shown in Figs 2, 3, and 4 can be converted
into square (binary) signals using very simple electronic
circuits shown in Fig. 5.

The circuits shown in Fig. 5 are powered by 5 V, which
makes their signal output with a voltage of up to 5V . Each
of them requires the selection of resistive elements to the
input voltage range. To convert the signals shown in Figs 2
and 3, it is enough to use the circuit shown in Fig. 5a to
obtain a square wave signal with an amplitude of 5 V (Fig.
6). However, when transformed, it will be inverted. In order
to restore it to its original form in phase, a double transfor-
mation should be applied (Fig. 7).

Fig. 5. Examples of two systems of matching the signals in the mechatron-
ic systems of the car to the binary form: a) single-stage inverting voltage
amplifier, b) voltage comparator with a hysteresis loop

Fig. 6. Signal conversion to a rectangular form with 5 V amplitude limita-
tion and phase reversal

Fig. 7. Double conversion of the signal to a rectangular form with ampli-
tude adjustment up to 5 V

In order to convert an analogue signal (Fig. 4) into a bi-
nary one, it is necessary to compare it to the set level. As a
result of a disturbance when passing the set threshold, an
alternating high and low state can be generated at the out-
put. Therefore, the circuit (Fig. 5b) uses a hysteresis loop in
the comparator input that sets the reference level. This
causes a certain switching of the comparator output when
the signal passes a given threshold. The result of the trans-
formation of the signal from Fig. 4 is shown in Fig. 8.

The presented signal matching systems are character-
ized by high simplicity and low cost of implementation. At
the same time, they enable signal measurements with the
use of the embedded system. These are just examples for
the presented signals. In a similar manner, other equally
simple systems can be designed and implemented for spe-
cific needs.
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Fig. 8. Conversion of an analogue signal carrying information through
frequency into a binary signal with an amplitude of 5 V

3. Measurement system based on an embedded

system for the Arduino platform

Embedded systems for the Arduino platform are popular
"Arduino boards". These are tiny computers that perform
simple tasks. These simple tasks, dictated by the program
code, can be a measurement action. The microcontroller is
responsible for performing at a high speed many simple
actions. Noticing a high or low state on a digital port takes
place in less than 1 microsecond. Reading the time of the
internal clock also takes a very short period. Such simple
actions allow us to measure the duration of binary pulses
and count their number. The microcontroller also performs
simple arithmetic operations. Unfortunately, these take a
longer time. It can also measure analogue voltage signals. It
has 8 analogue inputs on which the voltages are measured
with the use of one ten-bit analogue-to-digital converter
with a maximum sampling rate of 10 kS/s. Though this
frequency is not high, the recording of slowly-changing
signals is definitely possible and accurate. The measure-
ment resolution at the maximum reference voltage of 5 V is
approximately 1.25 mV.

Fig. 9. Measuring systems of slowly-changing parameters were installed in
a Mitsubishi Carisma GDI car

In addition to performing measurement actions, the
measuring device has to collect measurement results as
well. This embedded system has internal memory, yet it is

very small. Therefore, it must use an external non-volatile
memory, to which it will transfer the measurement results
from time to time. Such external non-volatile memory can
be an SD card. The Arduino development platform has
libraries to support the SD card and the SPI interface used
for the communication process with the SD card. The use of
memory in the form of an SD card for measurement data is
a very cheap solution, ensuring a very large capacity and
easy transfer of measurement data.

The exemplary measuring system presented in this arti-
cle was made of an "Arduino nano board" and a microSD
memory card reader (Fig. 9). The reader is fitted with a 32
GB card formatted for the FAT32 file system with a 16 kB
allocation unit.

3.1. Examples of tasks, measurement programs,

and their results

The tests of the measuring system were carried out on a
Mitsubishi Carisma GDI car. All measured signals were
binary in 5 V logic. Some of them were transformed using
the matching circuit shown in Fig. 5a. Figure 9 shows two
measurement systems. This allows different measurements
to be made at the same time. The first system, with a hori-
zontally mounted memory card reader, performs the meas-
urement of:

— the state of three binary signals in 5 V logic that control
a three-colour LED diode (the indication of the type of
the fuel-air mixture supplying the GDI engine) every
0.5s.

— the road and speed of the car over time by registering
the number that is the sum of pulses from the vehicle
speed sensor,

— the engine rotational speed by registering the number
that is the sum of pulses from the crankshaft position
Sensor,

— the average injection time in half-second periods by
recording the number that is the sum of the duration of
the fuel injection pulses and the number of injections
that makes up the sum of the duration times.

The results of the above-mentioned parameters were
recorded every 0.5 s. The code of the program that
measures the above-mentioned parameters to present its
simplicity is presented below. It is related to the hardware
capabilities of the microcontroller. Only commands to read
ports, compare, sum, and save data are used. No multiplica-
tion or division commands were used. Operations on inte-
gers were used only. Program code:

#include <SPI.h>
#include <SD.h>
File plik;
uintl6_t czas[20];
uint32_t droga[20];
uint32_t SCWK[20]
byte pomiar[20];
uint32_t tw[20];
uint8_t 1w[20];
uint32_t twl=0;
uint32_t tp;
uint8_t 1wl;
uint32_t S=0;
uint32_t CAS=0;
byte 1i=0;

byte j1=0;

’
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byte 3j2;
byte 3j3=0;
byte j4;
byte 3j5=0;
byte j6;
void setup() {
SD.begin (10);
pinMode (7, INPUT);
pinMode (6, INPUT_PULLUP);
pinMode (5, INPUT_PULLUP);
pinMode (4, INPUT);
pinMode (3, INPUT);
pinMode (2, INPUT);
plik = SD.open("pomiar.txt",
}
void loop () {
j2=digitalRead(5);
1f(j2<jl) {S++;}
jl=32;
jd=digitalRead(6);
i1f (j4<33) {CAS++; }
j3=34;
je=digitalRead(7);
if (j6>35) {tp=micros();}
1£(35>96)
twl=twl+micros ()-tp;
lwl++;}
j5=36;
if(millis() % 500 == 0){

FILE_WRITE) ;

pomiar[i]=digitalRead(2);
pomiar[i]=pomiar[i]+digitalRead(3)*2;
pomiar[i]=pomiar[i]+digitalRead(4)*4;
droga[i]=S;
SCWK [1]=CAS;
twl[i]l=twl;
1lw[i]l=1wl;
twl=0;
1wl=0;
it++;
delay (1) ;
}
if(1i == 20){
for (BYTE j=0; j<20; j++) {
plik.print (czas[j]1*0.5,1);
for (byte k=0;k<2;k++) {
plik.print (char(9));
plik.print (bitRead (pomiar[j], k));
}
plik.print (char(9));
plik.print (bitRead (pomiar[j]
plik.print (char(9));
plik.print (drogal3jl);
plik.print (char(9));
plik.print (SCWK[J]1);
plik.print (char(9));
plik.print (tw[j]);
plik.print (char(9));
plik.println(lw([]j]);
}
plik.flush();
i=0;
}
}

12))i

The operation of the measuring system was verified
over a distance of 456 km, i.e. On the route from Radom to
Gdansk. The registration results are shown with the use of
images in Figs 10, 11, 12. Each waveform shows 42,700
measured values.

High state of a signal in a given colour causes the LED
to light in the same colour (green colour indicates that the
engine is supplied with a stratified mixture, red colour indi-
cates a homogeneous mixture, and blue colour — no fuel
injection, i.e., engine braking).

Fig. 10. Three-colour led colour led control signals, (the indication of the
type of the fuel-air mixture)

Only one of the three signals is high at a given time.
The registration of the results allows us to assess the state
of the system at a given moment and allows us to conduct
the analysis of its operation. They can also be used in the
statistical analysis, e.g., to determine the percentage share
of the supply of the engine with a stratified mixture.

Fig. 11. The waveform of the route and vehicle speed while driving

Fig. 12. The waveform of the changes in the rotational speed of the engine
and the average injection time in half-second periods

The graph in Fig. 12 shows, inter alia, average injection
times in half-second measurement periods. Due to the oc-
currence of many injections in one measuring period, it is
impossible to record the duration of each of them. In addi-
tion, there is a different number of injections in each meas-
urement period depending on the rotational speed of the
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engine. An attempt was made to record the duration of each
fuel injection. The second measuring system was applied
(with a vertically installed memory card reader in Fig. 9).
This measuring system is designed to measure and record
the duration of each injection. During the appearance of the
rising slope, the current time is recorded. Immediately after
the appearance of the falling slope, the duration of the in-
jection pulse is determined and stored. The code of the
program which measures the times of all fuel injections is
very simple and looks as follows:

#include <SPI.h>
#include <SD.h>
File plik;
byte i=0;
uint32_t t[32];
uint32_t tw[32];
uint32_t tp;
byte j1=0;
byte j2;
void setup () {
SD.begin (10);
pinMode (7, INPUT) ;
plik = SD.open("tw.txt",FILE_WRITE) ;
}
void loop () {
j2=digitalRead(7);
if (j2>71) {tp=micros();}
1f(31>32) {
tw[i]=micros()-tp;
t[il=millis();
i++;
}
j1=32;
if (i==32) {
for (byte j=0; j<32; j++) {
plik.print (t[3]);
plik.print (char(9));
plik.println(tw([]j]);
}
plik.flush();
i=0;

}

The results of measurements of selected injections on
the route of 456 km are presented with the use of a pictorial
diagram (Fig. 13). The graph shows 376 thousand fuel
injections. The injection time measurement results can be
converted into injected fuel doses. These can be analysed in
a number of ways.

Fig. 13. Times of fuel injections measured on the distance of 456 km

3.2. Verification of a measuring device constructed on
the basis of an embedded system

The presented proposals of measuring devices for col-
lecting slowly-changing data were verified. The verification
consisted in the comparison of the measurement results
obtained with the presented device and a professional
measurement system. The first of the two presented meas-
uring systems counts pulses from two sensors and records
their numbers every 0.5 s. The second of the presented
systems measures the duration of injection pulses and rec-
ords each of them with an accuracy of 1 us. It is connected
with the necessity to detect signal slopes, as well as calcu-
late and save the injection pulse duration to a file on the SD
card. There is; therefore, a risk that slopes will be noticed
with different delay, which will result in incorrect time
measurements.

In order to verify the accuracy of the proposed measur-
ing device, a comparative test was conducted. The same
signal (of fuel injection for cylinder 1) was introduced on
the input of the tested system and on the input of the pro-
fessional measuring system. The professional measuring
system consisted of a PC with an A/D converter card of
GAGE manufacturer, Octopus ComuScope 8380 series [9].
The computer measuring system was configured so it rec-
ords the signal every 1 ps. The recording time was 50 s,
which result from the sampling frequency and the amount
of memory of the measurement card. The measurement
results were synchronized in such a way that both meas-
urement lines were initialized first, and then the engine was
started. Therefore, the analysis of the measurement results
was started with the first generated and recorded injection
pulse. During the test, the position of the accelerator pedal
was changed multiple times, so as to generate pulses with
duration times from the entire work range. During the test,
the computer measuring system recorded 575 injection
pulses. Their times were determined based on the recorded
injection signal course and adopted as real values. Then the
errors were determined: absolute and relative of the dura-
tion measurement for all 575 injections:

Dty = tya — typ (1)

where: At, — the absolute error of the injection time meas-
urement, t,, — the injection time measured with a device
based on the Arduino platform, t,, — the injection time
measured with a professional measuring system,

§t,, = 2. 1000 )
twp
where: &, — the relative error of the injection time meas-
urement.

The values of the errors were presented in the form of
diagrams.

During the verification of the measuring device, the in-
jection times were changed in the range from approximate-
ly 200 ps to 3350 ps.

The analysis of the injection time measurement errors
presented in Fig. 14 and 15 provides us with the chance to
positively assess the measuring device constructed on the
basis of a simple computer for the Arduino platform. The
measurement of the duration of the vast majority of injec-
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tions differs by £2 us from the real value. What is more, the
absolute error of the duration of the vast majority of injec-
tions is lower than 1%.

Fig. 14. Diagram of discrepancy (absolute error) of injection time obtained
during verification

Fig. 15. Diagram of the relative error of injection time obtained during
verification

4. Summary and conclusion

The use of embedded systems, i.e., simple computers
based on microcontrollers allows for the measurement of
various parameters of the signals present in the mechatronic
systems of vehicles. Such systems have certain limitations
related to the amount of operating memory and the speed of
operation. Nevertheless, they provide us with the opportuni-
ty to apply quite complex measurements over a very long
period of time, e.g., a six-hour measurement of fuel injec-
tion duration takes up 5.1 MB of memory on a 32 GB
memory card. The only difficulty related to the use of em-
bedded systems for long-term measurements of slowly-
changing parameters is the need to write a program and
possibly build simple signal matching circuits. However, it
can be concluded that these are not tasks beyond the capa-
bilities of every engineer. It is evidenced by the following:
— very low complexity of signal matching circuits, as

presented in this research paper,

— simple program code as evidenced by the two examples
of the presented programs.

The paper mainly presents the possibility of using em-
bedded systems for the long-term data collection in mecha-
tronic systems of cars. Presented registration results should
be treated only as an example of the possibilities offered by
this type of microprocessor system. In particular, emphasis
should be put on the very low price compared to the poten-
tial measurement possibilities. The proposal to use embed-
ded systems to collect slowly-changing data is addressed
primarily to young researchers who do not have profession-
al measuring equipment and students of automotive facul-
ties. Another advantage of the presented measuring system
is the possibility to permanently install it in the car and
collect the necessary data in everyday use of the car. This
will reduce the cost of the conducted research and result in
the data collection during typical operation of the vehicle.

The accuracy that can be obtained in the more difficult
task of measuring the timing of successive fuel injections is
satisfactory.
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