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Diagnostics of common rail components based on pressure curves in the fuel rail

Majority of modern diesel engines is fitted with common-rail (CR) fuel systems. In these systems, the injectors are supplied with fuel
under high pressure from the fuel rail (accumulator). Dynamic changes of pressure in the fuel rail are caused by the phenomena
occurring during the fuel injection into the cylinders and the fuel supply to the fuel rail through the high-pressure fuel pump. Any change
in this process results in a change in the course of pressure in the fuel rail, which, upon mathematical processing of the fuel pressure
signal, allows identification of the malfunction of the pump and the injectors. The paper presents a methodology of diagnosing of CR fuel
injection system components based on the analysis of dynamic pressure changes in the fuel rail. In the performed investigations, the
authors utilized LabView software and a uDAC data acquisition module recording the fuel pressure in the rail, the fuel injector control
current and the signal from the camshaft position sensor. For the analysis of the obtained results, ‘FFT" and ‘STFT’ were developed in
order to detect inoperative injectors based on the curves of pressure in the fuel rail. The performed validation tests have confirmed the
possibility of identification of malfunctions in the CR system based on the pressure curves in the fuel rail. The ‘FFT’ method provides
more information related to the system itself and accurately shows the structure of the signal, while the 'STFT’ method presents the
signal in such a way as to clearly identify the occurrence of the fuel injection. The advantage of the above methods is the accessibility to

diagnostic parameters and their non-invasive nature.

Key words: combustion engine, fuel pressure, FFT signal analysis, common rail

1. Introduction

Modern Common Rail diesel engines are widely applied
in light-duty vehicles, light-duty trucks and heavy-duty
vehicles. The currently applied generation of these systems,
whose injector design and control, allows executing several
injections per single engine work cycle. The first injection
(pilot) warms up the combustion chamber and provides
a swirl of the charge. Further injections increase the effi-
ciency of formation of the quasi homogenous mixture and
reduced the exhaust emissions. The final injection is exe-
cuted during the exhaust stroke to reduce the emission of
particulate matter. A consequence of the nonoccurrence of
any of the injections or changes in the proper rail pressure
results in limited engine performance and excess emissions.
Therefore, quick identification of malfunctions in the fuel
system that prevents engine incorrect operation is extremely
important [1].

Every time a fuel dose is injected into the cylinder, it
immediately results in a drop of pressure in the rail imme-
diately compensated with the help of a high pressure pump
and its regulator.

The paper presents the method of analysis of a high
pressure sensor signal that enables an assessment of the
course of injection and the operation of the pump. This
analysis enables identification of malfunctions in the CR
components for different volumes of the pilot (injector
opening time 200 ps to 400 ps) or the main (injection time
in excess of 450 ps) fuel doses [2, 5].

2. Object and methodology of research

The object of the research was a CR system of a G9T-
720 engine. The system is composed of a low pressure
circuit: fuel tank, fuel pump, fuel cooler, fuel filter, fuel
heater and high pressure circuit: high pressure pump, accu-
mulator (fuel rail) and electromagnetic injectors. The con-
trol of the fuel pressure in the rail is done through a pres-
sure regulator fitted in the high pressure pump. The fuel is
pumped into the rail from which the only outlet are the lines

leading to the injectors. The pressure in the rail is measured
by a pressure sensor. The injectors are supplied with fuel
under the same pressure as the one in the rail. The value of
the pressure and the opening time of the injector are deci-
sive of the dose of injected fuel, which translates into in-
stantaneous pressure variations in the rail.

The fuel rail is fitted with a standard 5 VV Bosch pressure
sensor. The signal from the sensor is received through wires
connected to terminals 2 and 3. In order to measure the
instantaneous pressure in the rail, an ADPT-25-S connector
of the pDAQ USB-26 data acquisition module (Eagle
Technology) was connected to the control unit with the
existing wires. The signal was sent via a USB port to the
computer running the LabView application. The investiga-
tions were carried out in two stages:

— on the test stand, which allowed a validation and op-
timization of the software for the signal analysis and per-
formance of reconnaissance tests,

— on the G9T engine operating on the engine dyna-
mometer, which enables a validation of the developed
methodology.

In the first stage of the investigations, the measurements
were carried out on the STPiW-2 test stand (Fig. 1) de-
signed for testing of CR system components. Components
of the CR system from the Renault G9T engine were in-
stalled on the test table. The measurements aimed at deter-
mining the operating characteristics of the fuel systems and
configuring the ‘VI’ (virtual instrument) software devel-
oped in LabView whose job was to diagnose the CR system
components, [5]. Another precise AVL SL31D2000 sensor
was fitted on the fuel rail along with the conditioning
equipment to compare the pressure curves and evaluate the
accuracy of the pressure reading of the standard pressure
sensor.

During the investigations, two measurement strategies
were applied and validated differing with the method of
analysis of the signal from the pressure sensor and the

COMBUSTION ENGINES, 2018, 172(1)



Diagnostics of common rail components based on pressure curves in the fuel rail

method of presentation of the results. For both methods, the
programs were developed in the LabView environment [2, 3].
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Fig. 1. STPiW-2 testing table: a) general view, b) AVL SL31D2000 pressure
sensor fitted in the adapter: 1 — fuel injector tester, 2 — high-pressure pump
tester, 3 — testing table control module, 4 — injectors, 5 — fuel dose meas-
urements cylinders, 6 — high-pressure pump, 7 — overflow measurement
cylinders

The first method is based on a fast Fourier transform
(FFT) and low-pass signal filtering. The block diagram of
the ‘FFT’ has been presented in Fig. 2. The software allows
configuring the settings of the data acquisition module
(sampling frequency, number of samples, upper and lower
measurement range). In this method, one constant compo-
nent of the rail pressure signal (being its average value) was
subtracted from that signal. The modified signal underwent
a discrete Fourier transform that enables observing the
signal in the amplitude-frequency coordinates [3]. Such
a graph shows, from which constant harmonic components
the signal is composed and what the value of the amplitude
is. In order to catch a clear reading without static, a low-
pass filter was applied. The effect has been presented in
Fig. 4.

FFT - (Peak) »|
Phase >
12

szybka transformata Fouriera

Fig. 2. Block diagram of ‘FFT’

The second method is based on a short term Fourier
transform (STFT). The block diagram of the ‘STFT’ has
been presented in Fig. 3. The data acquisition module can
be configured similarly to ‘FFT’. The constant component
(average value) of the signal was subtracted from it. Then,
the signal underwent a low-pass filtering and a short term
Fourier transform. The brightness of individual streaks (Fig.
5) shows the value of the amplitude of the signal compo-
nents. The program allows setting the parameters for the
analysis during the transform, which is impactful on the
type of information presented in the graph. Depending on
the setting, we may determine the time, in which the signal
values are changed or precisely determine the frequency of
the harmonic signal components.

In the first stage of the investigations, the validation
tests were performed on the testing table (Fig. 1a). It al-
lowed a free control of the following parameters: rotation-
al speed of the high-pressure pump, pressure in the fuel
rail, injector opening time and injector opening frequency.
The validation of both methods consisted in comparing
the parameters set at the system input (settings in the con-
trol panel of the testing table) with the results of the anal-
ysis of the pressure change in the fuel rail. Both methods
were tested for small (pilot) and large (main) fuel doses.

Sygnal z czujnika ciénienia (STFT)
—

ICzestotliwas¢ wirysku
PDBL]

Predkosc obrotowa silnika [obr/min
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7=x/40; yoBL]
L r————jkeeL]

Fig. 3. Block diagram of ‘STFT’
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3. Results

In the first stage, validation tests were performed for the
main fuel doses on the testing table. In order to validate the
method, the following parameters were set:

— rotational speed of the high-pressure pump: 1200 rpm;
— injector opening frequency: 20 Hz;

— injector opening time: 1000 ps;
— fuel pressure in the rail: 80 MPa.

The sampling parameters of the signal were selected in
such a way as to analyze a fragment of the signal of the
duration of 0.1 s. During this time, two injections were
executed. On the graph of the filtered signal (Fig. 4a), we
can clearly see two steep drops in the fuel pressure in the
rail that indicate the occurrence of the injections. On the
FFT graph (Fig. 4b), the components of the signal frequen-
cy have been presented. Aside from the injector opening
frequency, there is a component related to the frequency of
the fuel pumping in the high-pressure section that allows an
evaluation of the correct pump operation. Since the results
of the analysis of the obtained signals confirmed the set-
tings of the parameters on the testing table, the authors
concluded that the first method is good for detecting of the
main doses.
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Fig. 4. The ‘FFT’ method. Signal curve in the domain of: a) time,
b) frequency for the main fuel doses

During the validation of the “TFT’ method, the sam-
pling parameters were identical as in the first method. At
the moment of occurrence of the fuel injection, streaks of
different hues of blue appear on the graph depending on the
fuel pressure amplitude in the rail (Fig. 5). On the time
scale, we can clearly see that the injections take place at
even time intervals, which corresponds to the frequency of
20 Hz. The advantage of this method is that the information

on the occurrence or non-occurrence of the injection was
isolated from the signal. This method is also appropriate for
detecting the main fuel doses.

Sygnat z czujnika cisnienia (STFT)

-0.24

spuyjauy

Fo,00

Fig. 5. The ’STFT’ method. The STFT graph of the signal from the pres-
sure sensor for the main fuel doses

The next step was the validation of the small doses on
the testing table. In order to validate this method, the fol-
lowing parameters were set:

— rotational speed of the high-pressure pump 400 rpm,
— injector opening frequency 20 Hz,
— opening time of the injector 300 s,
— fuel pressure in the rail 40 MPa.

As for small fuel doses, the pressure drops are
miniscule, hardly seen on the time curve and the high-
pressure pump rapidly compensates them (Fig. 6a). On the
FFT graph (Lin) (Fig. 6b) a component frequency is visible
that is triggered by the injection, yet, the filtered signal is
unclear, which may result in difficulties when identifying
faulty injectors.
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Fig. 6. The ‘FFT” method; signal curve of the fuel pressure in the rail for
small fuel doses in the domain of: a) time, b) frequency
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When the STFT method was applied (Fig. 7), two injec-
tions were recorded at a 0.05 second interval. The indica-
tions are not as clear as they are for the main fuel doses, but
they allow confirming the occurrence of two subsequent
injections. This information is sufficient to deem this meth-
od as good for detecting small fuel doses.

Sygnat z czujnika cisnienia (STFT)

0.0
0,01

epryury

-0,00

Fig. 7. The ‘STFT’ method. STFT graph of the signal from the pressure
sensor for small fuel doses

Next, the validation of the developed method was car-
ried out on the Renault GOT engine installed on a dyna-
mometer. The investigations were first carried out on an
injection system having all injectors operative. The engine
started easily and operated at idle with the speed of 800
rpm.
The signal and its spectrum recorded in ‘FFT’ has been
presented in Fig. 8. The signal curve is correct. There are
small deviations of the amplitude interrupted with cyclic
steep peaks occurring at the moment of injection. The pump
and the injectors’ operating frequency at the set engine
speed should be 20 Hz and 27 Hz respectively.
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Fig. 8. Measurement of the signal performed with "FFT’ (all injectors
operative)

The fuel pressure in the rail was approx. 35 MPa. On
the spectrum, we can see that the main signal components
are 20 Hz and 26.7 Hz. The signal recorded in ‘STFT’ has
been shown in Fig. 9. The bright streaks on the spectrum
clearly show at which moment the injections occurred. The
cyclicity of occurrence of the streaks corresponds to the
frequency of operation of the injectors. The information on
the occurrence of an injection presented in the ‘STFT’
graph clearly (as in a zero-one method) determines whether
the injection was executed or not.

Sygnat z czujnika ciénienia (STFT)
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fuel fuel fuel
injection injection injection
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Tiena Te]

Fig. 9. Measurement of the signal performed with ’STFT” (all injectors
operative)

The next step was a simulated fuel injector malfunction
in the first cylinder. A control module wiring was discon-
nected from the engine injector and connected to a separate
one. The wire could not have stayed disconnected because
the signal from the control module must reach the injector
for the engine to start. The simulated malfunction reflects
a situation of a faulty injector (seizure). The control module
sends a signal to the injector but the injection to the cylin-
der is not executed.

The engine started properly and operated at idle with the
speed of 800 rpm. The engine was louder and a higher
vibration of the engine block was observed. The settings of
the measurement equipment were the same as for the tests
described earlier in the paper.

In the first place, the signal from the pressure sensor
was analyzed in ‘FFT’. On the time tracing of the signal
(Fig. 10a) we can see one peak missing caused by the lack
of injection. Instead of the downward peak, there is
a smooth drop in the amplitude. The signal spectrum clearly
differs from the one in Fig. 9. The highest peak occurs for
the frequency of 10 Hz, i.e. for the signal frequency caused
by the lack of injection (Fig. 10a).

In order to facilitate the injector diagnostics, the signal
from the sensor was subjected to an analysis in ‘STFT’. In
the signal spectrum, the bright streaks indicate when the
injection was executed. Fig. 10 shows that only two streaks
appeared instead of three. Additionally, between some of
the streaks a long interval was visible resulting in uneven
streak occurrence. These are evident symptoms of a mal-
functioning injector.

Upon diagnosing of a malfunction of one of the injec-
tors, the faulty injector must be identified without removing
all of the injectors from the engine. To this end, an addi-
tional diagnostic parameter was measured — the injector
supply current. The current probe was connected to channel
2 of the microDAQ module.
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Fig. 10. The ‘FFT’ method (one injector inoperative): &) pressure curve in
the fuel rail, b) signal spectrum, ¢) STFT curve of the pressure signal for
one injector malfunctioning

Both signals were recorded on the graphs with the same
time interval, one after another, to easily refer the current
reaching the coil to the injection. The injectors are diag-
nosed one after another and monitored whether the supply
current triggers the injection, which is seen as a pressure
drop. If there is a supply current and the signal from the
pressure sensor on the time line is not reflected as a steep
drop of pressure, it means that the injector is faulty. One
should note the delay between the supply current and the
pressure signal. The inertia of the injector components
results in the delay at the moment of activating and deac-
tivating of the injector. A simultaneous recording of the two
parameters in ‘FFT” has been presented in Fig. 11.

In order to facilitate the method of identifying the faulty
injector, ‘STFT’ was applied, in which we can observe the
induction signal in the form of a supply current and the
system response in the form of a bright streak resulting

from the injection (Fig. 11). The current probe was fitted on
the wiring of the faulty injector. The signal curve of the
probe seen in the lower screen indicates that the injector is
electrically functional. It is not hydraulically functional
though, because at the moment when the supply current is
sent, as seen on the upper screen, the bright streak does not
appear, which is tantamount to the lack of injection.
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Fig. 11. View of the program windows: a) simultaneous recording of the
pressure in the rail and the supply current of the injector, b) detection of
the faulty injector with ‘STFT’

To confirm the applicability of this method, an additional
test was carried out for the engine speed of 1200 rpm, only
this time the operative injector was replaced with a seized
one. The injector operating frequency for a given engine
speed should be 40 Hz, i.e., four injections should take place
within 0.1 s. On the screen, only three streaks appear, which
indicates that one injector is not injecting fuel.

The faulty injector was identified by the measurement
of the supply current of the subsequent injectors. The cur-
rent probe was connected to the first injector. On both
screens we can see a convergence of signals consisting in
an almost simultaneous presence of the current signal and
the streak indicating the pressure drop. This confirms that
the first injector is hydraulically and electrically functional.
After excluding the first injector the probe was connected to
the second one. As of the moment when the supply current
reaches the injector, there is no streak on the upper screen,
which indicates a lack of the fuel injection into the cylinder.
The injector is hydraulically inoperative. The applied meth-
od allowed identifying the faulty injector.
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In between two signals, in a properly operating injection
system, four injections should take place numbered as in
the firing order of the cylinders. The lack of the downward
peak (pressure drop) in the ‘FFT’ method and the lack of
the streak in the ‘TFT’ method may be directly referred to
the faulty injector.

4. Conclusions

The analysis of the signal from the high-pressure sensor
allows an assessment of the course of the injection and the
process of pumping by the supply pump. This analysis
allows identification of malfunctions of components of the
CR injection system for different volumes of both the pilot
and the main fuel doses

The described types of software outrank oscilloscopes
with their potential as they can be constantly expanded with
new functionalities to improve the diagnostic process. The
development of software should aim at the improvement of

potential in the analysis of the acquired data and autono-
mous reporting of the diagnostic results. This would be
more time efficient and would reduce the costs of workshop
diagnostic equipment.

Both methods are applicable in injection systems diag-
nostics. The ‘FFT’ method provides more information re-
lated to the operation of the system itself and accurately
presents the structure of the signal. The ‘STFT’ method
presents the signal in such a way as to clearly indicate the
execution of an injection. An advantage of the said methods
is the accessibility to the diagnostic parameters. For the
pressure measurement, both methods utilize a factory made
sensor originally fitted in the fuel rail.

It is justified to continue further research aiming at con-
firmation of the applicability of the developed methods for
other types of Common-Rail fuel systems.
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Evaluation of the possibilities of adapting a constant volume combustion chamber
for research on ignition of hypergolic propellants under low and high-pressure
conditions

In this study, the adaptation possibilities of a constant volume combustion chamber (CVCC) for research on the ignition of
hypergolic propellants are presented. The application of hypergolic bipropellants and crucial parameters regarding their ignition
behaviour are discussed. The initial studies on ignition delay measurements presented here does not cover the whole range of conditions
present in practical systems where hypergolic ignition occurs. In the study, a need for an evaluation of the influence of pressure on the
ignition delay was indicated as the reason to conduct research on hypergolic ignition in low and high-pressure environments. Moreover,
the study reviews the state-of-the-art experimental methods of investigating the ignition under atmospheric, low and high-pressure
conditions, including those utilizing a constant volume combustion chamber. The drop test was pointed out as the most commonly used
method; this makes it advantageous in terms of comparing the results with those obtained by other researchers. Therefore, the drop test
was selected as a method to be used in a CVCC. The test rig developed here was designed based on a CVCC initially designed for diesel
sprays’ visualization in high-pressure conditions. All the required modifications, especially the design of the oxidizer dosing unit, are

presented in the study.

Key words: hypergolic ignition, hypergolic propellant, ignition delay, drop test, constant volume combustion chamber

1. Introduction

Hypergolic propellants are pairs of liquid fuels and oxi-
dizers in which ignition occurs spontaneously upon contact
between the two liquids; thereby eliminating the need for
a complex ignition system [16]. The reliable restart capabil-
ity of engines based on hypergolic propellants makes them
ideal for spacecraft manoeuvring. An important criterion to
evaluate the performance of hypergolic bipropellants is the
ignition delay, which is defined as the time from the physi-
cal contact of the liquid fuel and the oxidizer to the onset of
ignition. A long ignition delay can cause a ‘hard-start’
problem in which unburnt fuel and oxidizer in the combus-
tion chamber accumulate, then suddenly ignite to generate
damaging pressure peaks [5].

Although the existence of hypergolic propellants has
been known since 1937 [11], the mechanisms controlling
ignition are not yet well understood. The development of
hypergolic propellants is highly empirical and current bi-
propellant hypergolic technology has been in use for more
than fifty years. The conventional hypergolic combinations
are hydrazine or its derivatives (monomethylhydrazine—
MMH, or unsymmetrical dimethylhydrazine—~-UDMH) as
a fuel and nitric acid or nitrogen tetroxide (NTO) as an
oxidizer. Although these dense, storable propellants give
a high performance and were or are used in many systems
like the Space Shuttle [7] or Falcon 9 rocket [4], they are
highly toxic, difficult to handle and furthermore, hydrazine-
based fuels are suspected carcinogens. Accordingly, using
the toxic propellants increases the development cost and
lead time as well as the risk of disaster for manned space
missions. For these reasons, there is strong interest in find-
ing and developing non-toxic hypergolic propellants that
have an equal or greater performance than the currently
used toxic propellants [6]. Many institutes around the world
make efforts to enhance their capabilities in the field of so-

called green space propulsion. In numerous cases, a green
oxidizer such as high-test peroxide (HTP) was selected and
a non-toxic energetic fuel having hypergolicity with this
oxidizer was developed [1, 13]. In this study HTP was also
used as an oxidizer.

In order to investigate hypergolic properties of bipropel-
lants, some research methods and procedures have been
developed: the drop test and the impingement test. They are
focused on investigating ignition delay time. The schematic
of the drop test stand is presented in Fig. 1 [9]. The proce-
dure for this experiment is simple: a droplet of an oxidizer
is released from a syringe or pipette; it falls down into the
pool of a propellant stored in a vessel, e.g. in a small Petri
dish; and then the hypergolic ignition is observed.

Syringe pump

Hypergolic
© «— oxidizer
droplet

Hypergolic fuel pool
Fig. 1. Schematic drawing of the drop test stand [9]
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The drop test allows the exploration of the variations of
ignition delay under two extreme operating conditions: ex-
treme fuel-rich combustion (oxidizer released as a droplet,
fuel in the pool); or extreme oxidizer-rich combustion (fuel
released as a droplet, oxidizer in the pool). The whole pro-
cess is recorded by a high-speed camera. In order to more
accurately capture the instant of contact of a falling drop with
the pool and time of ignition, additional equipment can be
utilized, e.g. pressure sensors, photodiodes [18].

The second method of investigating the ignition delay is
the impingement test. This test is very similar to the drop
test. However, in the impingement test the droplet of the
propellant is impinged with a speed of up to 3 m/s [8], not
dropped as in the drop test. This results in more intensive
collision of the fuel and oxidizer; thereby, the ignition delay
time is slightly different to that obtained in the drop test.

The drop test stand presented in Fig. 1 enables the con-
ducting of experiments in atmospheric conditions; which is
a good starting point to investigate hypergolic properties of
bipropellants. Therefore, it can be used as an initial test for
the pre-selection of hypergolic propellants, as applies in this
study. Here the triglyme with the HTP pair was initially
tested in atmospheric conditions in order to evaluate if it is
worth further studies.

The drop test in an atmospheric environment is a suc-
cessful method for initial determination of ignition delay,
especially in the early stage of propellant selection. Howev-
er, it is far away from the conditions in which these propel-
lants are supposed to operate. In combustion chambers of
engines used for spacecraft manoeuvring two states of ex-
treme conditions occur—vacuum or very low pressure before
the start of the engine and very high pressure after the start
of the engine [15]. In terms of the power of the influence of
pressure on the ignition delay [2, 14], it is extremely im-
portant to measure this parameter under low and high-
pressure conditions. In order to do this, substantial modifi-
cations have to be applied to the standard drop test stand.
The drop test stand needs to be isolated from the ambience;
this can be done by using a CVCC. These are usually used
to conduct optical diagnostics on fuel sprays [10]. High and
low-pressure conditions inside the constant volume com-
bustion chamber are achieved by a gas supply system and a
vacuum pump. The first is responsible for high pressure
conditions and the second for low pressure conditions.
When an experiment is supposed to be conducted under
high-pressure conditions, air or inert gas from a pressurized
tank is supplied to the CVCC. If low-pressure conditions
are demanded, then the tank with the gas is closed and
vacuum pump removes gases from the CVCC.

There are already a few drop test rigs which utilize the
aforementioned solutions [3, 12, 17]. Each of them has
different configurations and enables its users to gain some
original data from tests. However, there is still room for
improvements and fresh ideas in this area. In this study
a connection between proven and novel solutions is pre-
sented and the possibilities of further development are dis-
cussed.

2. Ignition delay study in atmospheric conditions
In order to examine the procedures of drop tests and
gain initial input for the design assumptions of the high-

pressure test rig, a number of experiments under atmospher-
ic conditions (0.1 MPa, 22 °C) were conducted. As a fuel,
triglyme (triethylene glycol dimethyl ether) was selected;
and as an oxidizer, high-test peroxide (HTP) was used. In
order to react hypergolically with HTP, triglyme requires an
addition of, for example, sodium borohydride.

The ‘open-air’ test rig (Fig. 2) consists of a simple oxi-
dizer dosing system which utilizes a pipette attached to a
tripod. Fuel is kept in a watch glass located 200 mm below
the tip of the pipette.

Fig. 2. Drop test rig for measurements in ambient conditions used in
the study

As shown in Fig. 2 the operator is separated from the
drop test area with polycarbonate sheets. The test volume
restricted by polycarbonate walls is continuously scavenged
by a ventilation system, which is responsible for removing
fumes created during combustion of hypergolic propellants.
The falling droplet and ignition are captured using the Pho-
tron Fastcam SA-1.1 camera at a frame rate of 10000 fps,
which requires an additional light source to visualize the
droplet and the instant of collision.

Results of tests in atmospheric conditions
The results of the measured ignition delay obtained in
the study are shown in Fig. 3.

/ 6.5

(6]

B~

Ignition Delay f ms
[\ w

[EY

o

1 2 3 4 5 6 7 8 9 10
Test number

Fig. 3. Measured ignition delay of triglyme-HTP; the cases where the
oxidizer droplets did not hit the pool in the centre are marked red

As shown in Fig. 3, the measured ignition delay did not
vary between the cases much. The average ignition delay
was 4.98 ms and the standard deviation was 0.57 ms. How-
ever, if the cases where the droplets did not hit the fuel pool
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in the centre are excluded (case numbers 2, 5 and 9), then
the standard deviation decreases to 0.16 ms. This indicates
the importance of a repeatable place of contact between the
oxidizer and the fuel. The other issue which can be ob-
served in Fig. 4 is that after releasing a droplet of an oxidiz-
er from a pipette, an additional group of little droplets tend
to follow the main droplet. However, these additional drop-
lets did not disturb the ignition delay measurements, be-
cause high distance between them and the main droplet
caused that they collided with the fuel after the ignition
occurred. Nevertheless, this indicates that a more accurate
oxidizer dosing system is necessary.

Fig. 4. Drop test of the triglyme-HTP pair; frames obtained at -5, 0, 5 and
10 ms after the contact of the HTP droplet with the triglyme pool

3. Drop test stand design

A constant volume combustion chamber frame (Fig. 5)
was the basis for the drop test set-up developed in this
study. It was primarily utilized to perform research on fuel
sprays [10].

Fig. 5. CVCC frame used as a basis for creating a drop test stand for
research in low and high-pressure environments

The major way to adapt the CVCC to drop test experi-
ment was to design the parts attached to the CVCC main
frame. Several components attached to the main frame of
the vessel were designed:

— Fuel holder

— Oxidizer dosing unit

— Sensors’ cover

The fuel holder unit has three main tasks: it closes the
CVCC at its bottom; it holds the pillar with a Petri dish
filled with fuel; and it is connected to the systems responsi-
ble for maintaining low and high pressure inside the CVCC,
i.e. the vacuum line and pressurized ambient gas line re-
spectively. Thus, the fuel holder has two ports dedicated to
the respective systems. The systems responsible for main-
taining low or high-pressure conditions inside the CVCC
utilize a vacuum pump and tank with pressurized N, respec-
tively. When high-pressure conditions are demanded,
a valve at the tank is opened and inert gas is supplied to the
CVCC. When low-pressure conditions are demanded, the
valve at the tank is closed and the vacuum pump is turned
on. The vacuum and N, lines’ connections are shown in
Fig. 6.

| __— linear actuator

| piston

syringe

| ___— syringe sleeve

fuel/oxidizer

droplet

quartz glass
window

exhaust
fumes outlet

silica window
thermocouple
and pressure
sensor

oxidizer/fuel

ool
s <¢— N, gas tank
B<— vacuum pump

Fig. 6. Schematic diagram of the drop test rig

The oxidizer dosing unit is integrated with an oxidizer
supply system which consists of two main elements —
a syringe of 2 ml capacity and an electric linear actuator.
A droplet of an oxidizer of 2.5-3.0 mm diameter is released
from the syringe and then falls down into a pool of fuel.
The syringe is perched in astainless steel sleeve which
prevents it from movement. The distance from the end of
the syringe’s needle and the pool of fuel is 120 mm. It was
decreased compared to the set-up for the atmospheric tests
described in section Il. The process of droplet formation is
controlled by the electric linear actuator. A part of the actu-
ator referred to as a piston, which moves along a stainless
steel guide, pushes the syringe’s piston and thereby releases
a portion of liquid from the syringe at the end of the needle.
The reason why the electric linear actuator was used in the
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study relates to the reliability of the process of droplet for-
mation under high-pressure conditions.

The sensor cover is mounted on the side of the CVCC
and it is integrated with three systems:

— pressure measurement system

— temperature measurement system

— exhaust system

The first system includes a pressure transducer and
charge amplifier which is connected to a data acquisition
unit. The second system consists of a thermocouple, which
is connected to the same data acquisition system as the
charge amplifier. The third system consists of a gas outlet
port connected with a line to release the fumes away from
the CVCC after combustion.

In the modified CVCC two quartz windows were de-
signed. The first provides optical access for the camera;
while the other allows an externally located light source to
illuminate falling droplets. The whole drop test set-up with
a high-speed camera is shown in Fig. 7.

Fig. 7. 3D model of the drop test rig with the camera set-up

4. Conclusions

The obtained ignition delay times of the triglyme-HTP
pair at atmospheric conditions show that this fuel-oxidizer
combination is very promising. The value of 4.98 ms ob-
tained here is close to the benchmark of hypergolic propel-
lants—monomethylhydrazine-nitrogen tetroxide with an

ignition delay time of 3 ms [16]. However, to fully investi-
gate the potential of this propellant, it is necessary to con-
duct drop tests not only under atmospheric conditions, but
also in a low and high-pressure environment. Therefore, in
this study these design solutions intended to adapt a con-
stant volume combustion chamber for research on the igni-
tion of hypergolic propellants under low and high-pressure
conditions were proposed.

The initial drop tests in ambient conditions presented in
the study revealed also a need for precise droplet dosing, in
order to avoid formation of a series of droplets and for an
accurate drop test fall into the centre of a fuel pool. These
aspects were included in the design process of the high
pressure drop test rig.

The test rig development presented here proved that
a constant volume vessel initially designed for fuel injec-
tion visualization at high-pressure conditions can be utilized
to perform drop test studies of hypergolic propellants in low
and high-pressure environments.

The number of new systems and modifications were in-
corporated to the base experimental set-up, e.g. oxidizer
dosing system, pressure measurement system, temperature
measurement system, exhaust system and systems for creat-
ing low and high-pressure conditions in the vessel.

Among these newly designed systems, the most im-
portant CVCC upgrade in terms of drop test studies is the
oxidizer dosing system. As explained previously, the exper-
iments on the triglyme-HTP propellant conducted in ambi-
ent conditions proved that an oxidizer dosing system is of
great importance for repeatability of drop tests (formation
of droplets and place of contact with the fuel).

All the applied modifications are supposed to ensure
high reliability of the experiments; however, further devel-
opment of the rig is planned, with a number of solutions
which are being considered for implementation in the fu-
ture, e.g. a photodiode which detects the moment of igni-
tion. These, however, will be applied if the first CVCC
studies indicate a need for such upgrades.
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Analysis of energy management strategies for hybrid electric vehicles
in urban driving conditions

The pursuit of fuel consumption reduction by vehicles leads to a sudden increase in the share of hybrid and electric drives in the
vehicle market. Replacing hybrid vehicles with electric vehicles requires long-term technological solutions, both for the infrastructure
and the vehicles themselves. Therefore, one of the leading types of passenger car drives is currently the hybrid drive. The generated work
share of electric drives used to power hybrid vehicles is a determinant of the viability of using electric drives. The article estimates the
operating time share of electric and hybrid modes operation in real driving conditions (RDC) based on the latest Toyota hybrid model.
The research object was a vehicle from the crossover group equipped with a fourth generation hybrid drive. Analysis of the drive's
operation allowed to determine the conditions of energy flow and determine the work share of the electric drive in the total driving time.

Key words: hybrid electric vehicles, energy management, electric range, real driving conditions

1. Introduction

For a long time, due to economic and ecological as-
pects, solutions have been sought that would minimize the
use of conventional fuels in transport. Such solutions are
used in various branches of transport, including in road, rail
and even air transport [7, 11]. One of the proposed solu-
tions is the use of a hybrid drive containing at least two
sources of power and energy. The most common system
includes a spark-ignition engine and an electric motor. In
2016, road transport accounted for the transport of 84.2% of
all cargo [1]. However, the share of passengers transported
by this type of transport amounted to 56.2%. Considering
this data, it seems justified that the majority of effort in the
field of reducing emissions to the environment is carried
out towards road transport.

It has been 20 years since the first serial production of
full hybrid vehicles by Toyota [4, 8, 9]. During this time the
company has been developing the hybrid drive system
through several iterations [6, 10, 12, 19].

The current technological trend of reducing emissions
from vehicles are technologies that allow the use of alterna-
tive fuels or alternative drives themselves. Tests of vehicles
powered with alternative fuels (ethanol, CNG, bi-fuel) or
with alternative propulsion systems (full and mild hybrid
system) are carried out with respect to energy flow [3, 13,
14, 19] and their harmful components emissions in real
operating conditions and in RDE (Real Driving Emissions)
tests [5, 15-17].

2. Aim of research

At present, there is a strong emphasis in the construction
of hybrid vehicles on increasing their travel range in elec-
tric mode. This means an increased share of electric motor
operation in the total operating time of the hybrid system
[2]. In order to demonstrate the electric mode work partici-
pation, tests were conducted in urban driving conditions.
The practical goal of the conducted research was to analyze
the energy flow in the latest generation hybrid drive system
on the example of Toyota C-HR and indication of the actual
shares of electric and hybrid drive time when driving in
urban conditions.

3. Research object

The Toyota C-HR vehicle, which was used to test the
hybrid drive system in urban driving conditions, has a pro-
pulsion system construction similar that of the newest 2015
Toyota Prius (IV generation). The basic parameters of the
drive system components are presented in Table 1.

Table 1. Test vehicle technical data [18]

Combustion engine 2ZR-FEX

16-valve DOHC

Engine type with VV/T-i
Displacement [cm®] 1798
Bore x stroke [mm] 80.5 x 88.3
Compression ratio [-] 13:1

electronic multi-

Fuel injection system point injection

Max power [kW] at

72/5200
speed [rpm]
Max torque [Nm] at 142/3600
speed [rpm]
Emission standard Euro 6
Max power [KW] 53
Max torque [Nm] 153
Max speed [rpm] 12400
Nickel-metal
Type of battery hydride
(Ni-MH)
168 cells
Cell quantity [-] (6 cells x 28
modules)
Battery capacity [Ah] 6.5

Hybrid drive system

S! Y < 90

Total power of the
hybrid drive system

[kw] w.

Top vehicle speed i EE" 170
[km/h] ;

CO, emission combined 87
[g/km]
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The hybrid drivetrain consists mainly of a 1.8 dm® At-
kinson-cycle petrol engine (assembled at the Toyota plant
in Derby), a 1.31 kWh HV battery, and an electric motor all
tied together by Toyota's planetary gear transmission. The
effect of combining these motors provides 90 kW (120
KM) of power and 142 Nm of torque at 3600 rpm.

The Toyota C-HR is equipped with a fourth-generation
hybrid drive. The structure of the drive is a series-parallel
system (the scheme and principle of operation are described
in [9]), shown in Fig. 1 together with the measuring devices
used during the tests. The drive consists of a battery, plane-
tary gear, generator, electric motors and an internal com-
bustion engine.

The hybrid drive is mainly meant for use in urban driv-
ing, due to the frequency and intensity of traffic, which is
associated with acceleration changes and thus, the ability to
recover more energy from braking.

Combustion Power cable

engine \

Hybrid
Vehicle
Transaxle
Assembly

1 Diagnostic
system

Inverter with
Converter
Assembly

Fig. 1. A schematic of Toyota C-HR hybrid drive system along with the
applied measuring devices (based on [18])

Toyota hybrid cars have four drive modes: Normal, EV,
ECO and Power. After first starting the car, the system
default settings is the ‘Normal’ drive mode, which automat-
ically manages the most efficient use of both engines. Driv-
er can also select one of the car’s on-demand drive modes
to achieve better fuel consumption in certain circumstances.
Two of these modes, ECO and EV, were analysed in this
article.

4. Research methodology

The tests were carried out in Warsaw in real driving
conditions on a regular work day. Two drive modes of
Toyota C-HR have been compared. The first test was per-
formed with the ECO drive setting, and the other in the
ECO setting but with the EV mode active. (further referred
to as ECO + EV), Traffic congestion was observed during
tests (traffic volume higher than the capacity of a given
road). The average route length (Fig. 2) was 11.5 km, and
the average test duration was 32.2 minutes.

In order to record the vehicle motion parameters and
hybrid drive operating conditions, a diagnostic system was
connected that allows reading data directly from the hybrid
drive monitor system. The following values were recorded
in the tests: vehicle speed (S), combustion engine speed (n),
battery charge status (SOC), electric motor speed and bat-
tery current (IB — positive value was defined as charging
the battery, and negative indicates battery discharge). In
addition, an independent system recorded the geographical
position of the vehicle to determine the route. The charac-
teristic drive conditions are shown on Fig. 3 and in Table 2.
The conditions in both of the drives are similar and any
differences negligible. Therefore, it can be assumed that the
tests were repeatable, allowing for further comparative
analysis of the drive system parameters depending on the
selected driving mode.

a)
| —
70 | Eco |
60
_so o fh
§ 40 "‘
= 30 11 1
7))
20 v, =21.2 km/h F
10 1
0 I Share
a>0 35%
a<o0 23%
v = const 18%
stop - - . . . . 24%
0 300 600 900 1200 1500 1800 2100
t[s]
b)
70 | | ECO+EV |
60
50 1 ' I q 1 ||Il
=
<
S 40
= 30
7))
20 et v,, =21.6 km/h
0 Share
a>0 36%
a<o0 26%
v = const 16%
Stop T T T T T T 22%
0 300 600 900 1200 1500 1800 2100
t[s]

Fig. 3. The route drive characteristics with marked time densities of accel-
eration, constant speed, braking and stopping of the vehicle in the repeated
drives on the same route: a) ECO mode, b) ECO + EV mode

Table 2. Test conditions for hybrid drive in two driving modes

Mode ECO ECO + EV
Parameter
Test duration [s] 1962 1902
y Test route length [m] 11,554 11,437
Fig. 2. Map of the road tests route SOC (initial/final) 60.4/47.5 475/60.4
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To determine the share of the electric mode driving, sec-
tions of the route characterized by certain specific parame-
ters were determined. Thus, the modes of operation of the
hybrid drive system were determined: driving, acceleration
and braking during the operation of the hybrid drive (HV),
as well as vehicle standstill, driving, acceleration and brak-
ing with the internal combustion engine not active, i.e.
drive system operation in electric mode (EV). The adopted
criteria are listed and presented in Table 3.

The energy flow in the drive system during battery dis-
charging, charging and recuperative braking was also calcu-
lated:

energy flow:
AE = U =% At 1)
discharging:
AEg;s = U I * At (if AE < 0) )
charging:
AEq, = U= 1= At (if AE > 0 and M, = 0) (3)

recuperative braking:
AE eg = U = I x At (ifAE > 0 and M, < 0) 4

where:
U — voltage [V], | — current [A], At —time [h], Mg — brak-
ing torque [Nm].

Table 3. Criteria for determining individual modes during the test

Mode Parameters
HV drive a=0,n>600,v>0
EV drive a=0,n<600,v>0

HV acceleration a>0,n>600,v>0

EV acceleration a>0,n<600,v>0

standstill v=0
braking a<0,v>0,n>600
EV braking a<0,v>0,1B>0,n<600

5. Results analysis

The energy flow rates were calculated with the formulas
(1)—(4) and Table 3. The charging of the battery, its dis-
charging and the regenerative braking conditions have been
taken into account. The results are shown in Fig. 3 and 4.
The energy flow rate is influenced also by the state of
charge of the battery, both the initial and the final values
(Fig. 4).

Driving in ECO mode results in increased energy flow
values (up to 0.23 kWh) compared to the ECO + EV mode
(up to 0.03 kwh). This is due to the lower initial charge
status of the battery (SOC = 47%). Using the ECO + EV
mode means that the battery discharge time density is much
greater than during the ECO mode (by 37%). In spite of the
varied changes in the discharge energy, the battery charging
and energy recovery modes have similar energy flow
shares. The differences do not exceed 11% (for charging)
and 8% for regenerative braking.

Analysis of the energy flow change (Fig. 4) indicates
significant similarities to the battery charge level. There are
noticeable changes in the energy flow proportional to the
battery charge level. However, it is not possible to specify
the proportionality value. During the battery discharge
(ECO + EV mode) changes in both these quantities are
proportional in varying degrees.
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S
S 0.23
20
Q
b . .
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3
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>
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3
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Fig. 3. Energy flow to/from the battery in a hybrid drive in urban condi-
tions (negative values indicate discharging the battery)

From the data in Table 3 the operating time density of
individual vehicle driving modes have been calculated. The
results were presented in terms of both the time and the
distance traveled (the differences in the result are from the
vehicle's standstill).

The data comparison is included in Fig. 5, where the
distance and time are shown in relative terms. Despite the
different driving modes, there are significant similarities in
the time densities of individual driving modes. Driving in
electric mode at a constant speed (a0 EV) and braking in
this driving mode (a— EV) represent high total drive time
contributions. Their shares are large both in relation to the
test route distance and the total travel time.

Using these analyzes, the percentage share of electric
mode operation time was determined, this was done by
summing the values of the EV system operation modes, i.e.

16
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driving without the active combustion engine, acceleration 70 —
and braking with energy recovery without the internal com- o

bustion engine being on. The obtained results are compared 40
in Fig. 6.

30
20
10

Share [%]

0.40 ECO 70 0
0.30 65 Eco ‘ ECO +EV
Fig. 6. The share of hybrid and electric mode in urban traffic conditions in
g 0.20 60 < relation to the road and time of the vehicle test drive
8 010 A~ P~ { 55 § After summing up individual vehicle energy flow types
}, N | in electric mode, the EV mode participation in the overall
2 000 LAY 50 drive was determined (Fig. 6).
010 —Energyflow || 45 6. Conclusions
— soc Based on the obtained results, it can be stated that the lat-
020 _ 20 est hybrid vehicles are characterized by a larger share of the
0 300 600 900 1200 1500 1800 2100 system's Operation in electric mode than in the hybrld mode.
t[s] The percentage share of the electric mode operation was in
the range 51%-53% of the distance traveled and about 46—
040 _@ 70 51% of the test duration (depending on the test). The final
0.05 b 65 percentage result is influenced by many factors, including the
r LY current traffic volume, vehicle load, initial high-voltage bat-
£ 000 A A.n 60 _ tery charge (SOC), standstill time at the intersection with
§ \ f’ ' § traffic lights, and the driving style of the driver.
S .05 55 9 The performed tests in urban conditions indicate, the
& v A share of energy recovery from regenerative braking is over
£ 010 hV { e A - 50 50% of all energy supplied to the battery while driving (from
W 'AME both charging from the generator and regenerative braking).
-0.15 b | —Energyflow || 45 This indicates the efficiency of energy recovery from braking
—s0c and indicates the desired energy flow (battery charge) in the
-0.20 40 hybrid drive system. Braking energy recovery, a significant

0 300 600 900 1200 1500 1800 2100

¢S] share of electric drive operation, operating costs reduction,

lower emission of harmful and toxic compounds into the
Fig. 4. Comparison of energy flow and changes in battery charge environment without significant financial costs are undoubt-
edly arguments in favor of using hybrid drives.

The obtained results apply to currently used vehicles
with hybrid drive systems using Ni-MH batteries. The share
of hybrid vehicles in electric mode with Li-lon batteries in
use (vehicles that can also be charged from a plug-in elec-
00 (47% 5 60%] trical socket) should be much larger. This is influenced by
the much larger electric capacity of the batteries and the
higher discharge values relative to the nickel-metal hydride
batteries. However, this solution is also associated with
much greater battery pack mass and dimensions. When
choosing a vehicle, its place of exploitation should be taken
into account. In the hybrid systems of current vehicles with
ECO + EV Ni-MH batteries, the usefulness of a vehicle in urban traffic
means a reduction of the classic internal combustion engine
use by more than 50%. However, this trend will not be
reflected in vehicles used on non-urban routes, where an
increased operating time share of the internal combustion
engine is necessary to achieve higher vehicle speeds.

Share of S [%]

Share of t [%)]

0% 20% 40% 60% 80% 100%

Share of S [%]

The research presented in this paper was performed within the
statutory work, project no. 05/52/DSMK/0265.
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Nomenclature

a acceleration Mieg braking torque

CNG compressed natural gas n engine speed

Co, carbon dioxide NiMH  nickiel hydride battery

E energy RDC real driving conditions

ECO eco mode RDE real driving emission

EV electric vehicle SOC state of charge

HEV hybrid electric vehicle S vehicle speed

| current t time

IB battery current U voltage

Li-lon  lithium-ion battery v velocity
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The injector location impact on the fuel combustion process in a direct gasoline
injection system

The article contains an analysis of the fuel dose combustion phenomena and exhaust emissions in a direct injection system of an Sl
engine for variable injector location in the combustion chamber. The research performed is a continuation of the research presented in
the article CE-2018-104. The tests were performed using the AVL Fire 2017 simulation environment. 27 injector placement
combinations in three planes were analyzed: axial distance from the cylinder axis, injector depth relative to the head and angular
position relative to the cylinder axis. An optimal solution was chosen, taking into account the significance of individual indicators. It was
shown that the greatest impact in terms of the most advantageous combustion process indicators is the injector setting depth in the
combustion chamber cavity, while the distance from the cylinder axis is of secondary importance. The smallest changes in the
combustion and emission factors values are seen with the change of the injector placement angle (in the value range used in this study).

Key words: gasoline direct injection, fuel combustion, exhaust emission, simulation software

1. Introduction

Combustion process tests carried out on real combustion
engines require high financial and material investment
relative to the same type of research conducted using the
CFD (computational fluid dynamics) technique. The initial
stage of combustion system design relies on data from
simulation projects [1, 13, 16, 22]. Despite this fact, the
final verification of such results are tests performed on real
test objects and prototypes [2, 7, 15, 20].

Numerous research works conducted by scientists
around the world confirm the usefulness of research on the
hydrocarbon fuel mixtures combustion process. Huang et
al. [9] found that direct injection of a dose of ethanol into a
homogeneous gasoline-air mixture has a positive effect on
the combustion knock prevention, but it also has a negative
impact on the exhaust emission values. The compromise
can, however, be achieved by a more careful choice of the
ethanol injection angle. The earlier it is, the smaller is the
negative impact on exhaust emissions, but then the ethanol
cooling properties are not fully exploited to prevent knock.

Research on fuel mixing is also one of the subjects in
the development of CI engines. Lee et al. [14] have demon-
strated the high potential of using additional gasoline injec-
tion for the Sl engine at low loads to significantly reduce
nitrogen oxides emissions.

The results presented below are a continuation of re-
search on the fuel injection process shaping by modifying
the injector placement in the combustion chamber. The
results of these tests can be found in [18]. These previous
tests allowed to determine the most advantageous position
of the injector in the aspect of injection and fuel atomiza-
tion. The same variants of injector placement settings were
used in this article to analyze the combustion process and
exhaust emissions.

The presented considerations are aimed overall at ana-
lyzing a dual-fuel system in which both injectors are placed
in the combustion chamber. Similar studies of the dual-fuel
system in the PFI-DI configuration have already been car-
ried out earlier [4, 5, 8, 16, 19]. These studies, however, do
not encompass the same methods and measurement pa-
rameters as intended for this article, and subsequent tests

are aimed at determining the fuel mixing indicators in the
combustion chamber immediately before ignition.

2. Research aim and goals

The proposed tests constitute the injection and combus-
tion process study stage for a direct injection system of
liquid hydrocarbon fuels [17]. This stage focuses on deter-
mining the engine processes indicators using one direct
gasoline injection injector while changing its location in the
engine combustion chamber.

The goal of the research is to determine the optimal spa-
tial position of the injector relative to the spark plug and the
angular position of its axis relative to the cylinder axis. The
optimal location will be defined as such a position, at which
the sum of thermodynamic combustion and emission indi-
cators will be the highest, while remaining within the set
limits and considering the weight of each indicator.

3. Research methodology
3.1. Combustion chamber geometry

The combustion process tests were done using the AVL
Fire 2017.1 simulation software. The shape of the combus-
tion chamber was modeled (Fig. 1a) and imported into the
simulation software (Fig. 1b). The displaceable mesh with a
square side of 1 mm was automatically condensed in the
vicinity of the spark plug to a value of 0.1 mm. The engine
specifications are shown in Table 1.

a) b)

cylinder head
spark plug
cylinder

piston

Fig. 1. The combustion chamber including the spark plug: a) 3D drawing,
b) the mesh in AVL Fire program

Each injector position is described by a code describing
the position change with respect to the y-axis, with respect
to the z-axis and a change of angle with respect to the axis
of the cylinder:
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y(i)z()alpha(k) )

where: i =7 mm, 8 mmand 9 mm, j =9 mm, 10 mm and 11
mm, and k = 15, 17.5 and 20 deg.

Table 1. Modeled engine technical data

Parameter Unit Value
Type — Piston engine, 4-stroke, spark ignition
Cylinder number - 1
Displacement cm® 385
Compression ratio — 10.2
Bore mm 83
Stroke mm 71.2
SOl deg 670
Injection duration ms 0.6
Injected fuel dose mg 13,1
A-value - 1
Ignition CA deg 690

Test conditions include 27 injector placement configura-
tions. These configurations are shown in Fig. 2, and the
matrix of test settings in Fig. 3.

¥ injector

Lo : | injector
location

Fig. 2. The combustion process tests configuration considering the change
of the linear and angular position of the injector

Angle change (alpha)
S

Change i . .

injector

position ' ‘

(y-axis)

N, N,

Change in injector position (z-axis)

Fig. 3. The combustion process test with injector placement variants
matrix

3.2. Initial conditions

The initial conditions of the compression process and
the combustion process were adopted in accordance with
the values listed in Table 2. Such conditions correspond to a
spark-ignition engine with direct petrol injection operating
at the speed of 2000 rpm.

Table 2. Initial conditions accepted for simulation calculations

Parameter Unit Value
Pressure bar 0.6
Temperature K 300
Turbulence kinetic energy (specific) m?/s? 10
Turbulence integral length scale mm 3
Turbulence dissipation rate m?/s® 1732.05
Tumble rotational speed rpm 3000
Engine speed rpm 2000
Crank angle deg CA 570-800

3.3. Combustion process and exhaust emission modeling
3.3.1. Combustion modeling

The conditions inside the combustion chamber before
combustion were determined according to the process de-
scribed in [18]. The Extended Coherent Flame Model
(ECFM) with the spherical shape of the initial flame nucle-
us was adopted for combustion simulation calculations [3].

Coherent Flame Model (CFM) is built on the basis of a
laminar flamelet concept, whose velocity S, and thickness &,
are mean values, integrated along the flame front, only
dependent on the pressure, the temperature and the fresh
gases content.

ECFM is often used to model combustion in spark-
ignition engines. Ji et al. [10] compared the combustion
process of gasoline and gasoline mixtures with hydrogen
modeled using ECFM with a simulated combustion pro-
cess. The error was deemed to be less than 6%. This model
is also used to analyze the combustion process in hydrogen-
only engines. Knop et al. [11] used this model to simulate
combustion in an engine with indirect and direct hydrogen
injection. Colin et al. [6] showed a good correlation be-
tween the ECFM model and the combustion process in the
first 1.8 GDI engine used in a passenger car.

3.3.2. Modeling the exhaust emission

The use of the Extended Coherent Flame Model results
in a two-step fuel combustion reaction according to reac-
tions (2) and (3).

k
C,H,, Oy + (n +§—5) 0, >nCO, +2H,0  (2)

C,H, 0y + (2—‘5‘) 0, > nCO+2H, 3)

In the above formulas n, m and | represent the number of
carbon, hydrogen and oxygen atoms of the considered fuel.

The mean laminar fuel consumption rate is the sum of
the reaction rates of the above reactions, whereas their
respective values are dependent on the local equivalence
ratio and the number of carbon and hydrogen atoms.

The Extended Zeldovich Model, which utilizes the reac-
tion formulas (4)-(6), was used to describe the NO for-
mation.

kyf
N

N,+0 __NO+N 4)
kip

k_zf

N+02(_N0+0 (5)
kzb
k_3)f

N+OH<_NO+H (6)

k3p
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The thermal NO reactions are highly dependent on the
temperature, process duration and atomic oxygen concen-
tration. The first reaction (4) has a very high activation
energy due to the strong N, triple bond. The rate of for-
mation of NO is significant only at high temperatures
(greater than 1800 K).

All the required radicals for this NO formation model
are calculated based on the equilibrium approach, known
and used in the ECFM combustion model (mentioned
above) [3].

According to Kosmadakis et al. [12], the Zeldovich ex-
tended model is the most commonly used for the nitrogen
compounds formation analysis. Analyzing four different
calculation models, the authors also found that for the stoi-
chiometric mixture 90% of the produced NO corresponds to
the equations of this model.

To describe the soot formation, the Kinetic Soot Model
was used. The model can describe the behavior of soot
formation and oxidation for different fuel classes. Exact
reactions have been implemented for methane, propane,
ethanol, n-heptane and tetradecane. If the fuel, which has
been specified by the user, does not exactly match one of
these species, FIRE decides automatically the best parame-
ter set to be used. The reactions (7)—(13) describe the chem-
ical behavior for tetradecane.

C14Hso +7 0, > 14 CO + 15 H, 7
2H, + 0, > 2 H,0 (8)
2C0 + 0, - 2CO, )

CO + H,0 - CO, + H, (10)
2 Cy4Hy —» 28 C+30H, (11)
2C+0,>2CO (12)
C+ H,0 > CO+H, (13)

The soot is oxidized due to the presence of oxygen and
water. The reaction parameters for the main soot formation
are dependent on the local equivalence ratio [3].

Tan et al. [21] collected and described the conclusions
of using the kinetic soot model in the analysis of exhaust
emissions from direct injection spark-ignition engines.
They acknowledged in their paper that multi-step semi-
empirical models provide a relatively complete characteri-
zation of soot processes at affordable computational cost
and effort, considering the trade-off between accuracy and
applicability.

4. Impact of the injectors placement on the

combustion conditions
4.1. Thermodynamic indicators of the combustion

process

For the quantitative analysis of the combustion process,
the mean combustion temperature, the mean combustion
pressure, the heat release rate and the total heat released in
the combustion process were selected as its thermodynamic
indicators. The impact of the injector location on these
indicators values is presented in Figs. 4-6.

Figure 4 shows the impact that the injector position
change along the y axis (according to Fig. 2) has on the

combustion process thermodynamic indicators. From the
graphs and values of these indicators, it can be concluded
that the most desirable position of the injector is the one in
which the injector is the furthest out (the smallest value of
the y coordinate). In this position (value y = 7 mm), the
mean combustion temperature, the mean combustion pres-
sure, the maximum heat release rate and the total heat re-
leased obtain their highest respective values. This is due to
the best mixture preparation (as shown in [18]) and the fuel
atomization and flame propagation that are best coordinated
in time and space. The extreme positions of the injector
along the variable y (position changes in relation to the
cylinder axis) relative to the solution adopted (y = 7 mm)
result (relative to maximum values) in:

— increasing the mean temperature by 4.2%;

— increasing the mean pressure by 5.6%;

— increasing the heat release rate by 24.3%;

— increasing the total heat release by 3.9%.

Changes in the position of the injector relative to the z
axis (distance from the spark plug) do not cause such large
changes in the analyzed indicators (Fig. 5). The best solu-
tion for the selected values of other parameters (y = 7 mm,
alpha = 15 deg) is the value (z = 10 mm), which does not
confirm the spray analysis described in article [18]. Three
out of four indicators have the highest value for this posi-
tion. Comparing this choice of the z axis position (z = 10
mm) with the position which give the least favourable indi-
cator values (z = 11 mm) result in:

— increasing the mean temperature by 1.6%;
— increasing the mean pressure by 4.1%;

— increasing the heat release rate by 1.2%;
— increasing the total heat release by 0.9%.

The indicator values do not clearly reveal the most fa-
vourable injector position in terms of z axis position. The z =
10 mm position gives the maximum values for mean temper-
ature, mean pressure (ex aequo at z = 9 mm) and for total
heat released, the z = 9 mm position gives the highest values
for maximum pressure (mentioned previously) and the heat
release rate, whereas position z = 11 mm gives the total heat
released value higher by 2.0% than position z =9 mm.

This example also shows that it is reasonable to perform
parallel research on the spray and combustion processes.

Following the conclusion on the injector position selec-
tion in the combustion chamber during the atomization
analysis described in the [18], the remaining geometric
parameters of the injector axis relative to the cylinder axis:
y =7 mm and z = 9 mm were selected for determining the
injector angle position.

Analyzing the impact of the injector position angle in
the combustion chamber, it can be stated that it has a much
more significant impact on changes in the researched com-
bustion indicators than on changes in the injection indica-
tors. This is due to the introduction of the initial turbulence
before ignition, which affects the flame development. The
most favorable results in this analysis were obtained at an
angle of 20 deg. Three of the four analyzed indicators reach
their highest values: mean temperature, mean pressure and
total heat released. Comparing the most extreme angular
positions of the injector with respect to the angle alpha = 15
deg, resulted in:
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— increasing the mean temperature by 3.5%;
— increasing the mean pressure by 11.9%;
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increasing the total heat release by 3.3%.
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Fig. 4. Effect of the injector position change on the combustion process indicators — y coordinate (change of the injector placement height in the combus-
tion chamber)
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4.2. Process combustion indicators

Complementing the combustion process analysis in rela-
tion to the injector location geometric parameters in the
combustion chamber, the emission of exhaust gases was
tested (concentration was used because the results refer to a
single engine operating point). Four indicators were used:
nitrogen oxide emission, soot emission, carbon dioxide
emission and carbon monoxide emission. Minimum CO
and soot emission values as well as maximum values of NO
and CO, emissions were assumed as the most desirable.

An increase of the NO concentration was assumed to
indicate a more favorable combustion process, despite the
fact that high NO concentration itself is undesirable. The
reduction of NO emissions, however, was not the subject of
this research.

As shown in Fig. 7, change in the geometric coordinate
y affects the concentration of soot and carbon monoxide the
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most. This is due to the preparation of the mixture in the
initial combustion phase, during which the proportion of
oxygen per hydrocarbon molecules in the fuel around the
spark plug is insufficient for full and complete combustion
to occur.

The largest injector insertion in the combustion chamber
(y = 7 mm) results in the formation of an area around the
spark plug, where the concentration of soot is the lowest,
while the highest NO concentration in this configuration
indicates a high combustion process efficiency.

Comparing the extreme positions of the injector in the y
axis (7 and 9 mm) relative to the selected position (y = 7
mm) the following results were obtained:
increasing the NO concentration by 7.8%;
decreasing the soot concentration by 55.0%;
increasing the CO, concentration by 2.0%;
increasing the CO concentration by 12.6%.
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Fig. 7. The effect of the injector position change on emission indicators — y coordinate (change of the injector placement height in the combustion cham-

According to the adopted criteria for the exhaust emis-
sions quality assessment and the adopted fixed geometric
parameters, y = 7 mm and the angle alpha = 15 deg, the
analysis of the effect of changing the z-coordinate on the
concentration of selected exhaust components was per-
formed. It has been shown in Fig. 8 that the most effective
combustion process takes place at the injector position with
= 11 mm. For this injector position relative to the other
extreme position along the z axis (z = 9 mm) the results
were:
increasing the NO concentration by 26.3%;
increasing the soot emission by 3.3%;
increasing the CO, concentration by 0.7%;

ber)

decreasing the CO concentration by 3.2%.

Analysis of the injector angular position relative to the
cylinder axis with respect to the exhaust emissions (with a
fixed linear position of the injector tipaty =7 mmand z =
9 mm) does not indicate clear results for optimal injector
placement inside the combustion chamber. Comparison of
the angular position 20 deg with respect to the alpha = 15
deg position results in the following changes:

increasing the NO concentration by 33.7%;

increasing the soot concentration by 160.3%;

increasing the CO, concentration by 3.5%;

decreasing the CO concentration by 5.3%.
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Fig. 9. The effect of the injector position change in the combustion chamber on exhaust emission indicators — alpha angle (injector position)

The next research stage was the spatial analysis of se-
lected thermodynamic indicators. The temperature distribu-
tion in the combustion chamber as well as the distributions
of NO and soot concentration are presented below.

The analysis of Fig. 10 shows the most rapid combus-
tion process for the injector angular position alpha = 20
deg. The most rapid temperature increase was obtained in
this case, as seen in the figure when the whole chamber is
covered with high temperature values at a fairly late stage.

Analysis of the 3D exhaust compounds formation re-
sults indicates that the angular position of the injector has a
large impact on the intermediate states of nitric oxide and
soot formation (Fig. 11-12). This means that the average
values presented in Fig. 8 do not allow a full compounds
formation assessment during combustion. Detailed analysis
can be used to further optimize the injector placement with
regard to shaping the combustion products.
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Fig. 10. Temperature distribution during combustion at the injector position y = 7 mm, z =9 mm and angle value being respectively: alpha = 15 deg, alpha
=17.5 deg and alpha = 20 deg

Fig. 11. The NO concentration distribution during combustion at the injector position y = 7 mm, z =9 mm and angle value being respectively: alpha = 15
deg, alpha = 17.5 deg and alpha = 20 deg
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Fig. 12. The spatial soot formation distribution during the combustion process at the injector position y = 7 mm, z = 9 mm angle value being respectively:
alpha = 15 deg, alpha = 17.5 deg and alpha = 20 deg

5. Combustion process evaluation using combustion

indicators — determining the best configuration

First, the maximum pressure was determined for all in-
jector positions relative to the angle of its location (Fig.
13a). The comparison indicates that the highest maximum
cylinder pressure value does not occur at the same injector
position at each one of its placement angles. The highest
maximum pressure values were obtained at the injector
coordinates of y(7)z(9)alpha(15) and y(7)z(9)alpha(20) —
which means y = 7 mm and z = 9 mm at the angles of 15
and 20 deg. However, at an angle of 17.5 deg, the best
option was to place the injector at the coordinates y = 9 and
z =9 (code y(9)z(9)alpha(17.5)).

Analysis of the total heat released in the combustion
chamber shows tendencies similar (Fig. 13b) to previous
considerations. The largest values of the total heat released
were obtained for the different sequences.

These considerations prompted the authors to determine
the best injector position through pseudo-optimization.
With the obtained values of maximum cylinder pressure,
maximum cylinder temperature, total heat released, CO,
CO, and NO emission, and soot formation, the data was
scaled.
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Fig. 13. Rate of combustion changes: a) maximum pressure in the cylinder, b) maximum amount of heat produced at various injector positions in the
combustion chamber

Thus the following values have been used:

— the best value for a given indicator to take (the highest
cylinder temperature, the highest cylinder pressure, the
largest amount of heat released, the largest CO, and NO
concentration, the smallest CO fraction and the smallest
formed soot factor) that can be obtained is equal to 1;

— the worst possible indicator value is 0.

The scaling was performed on this basis, and the results
are presented in Table 3. The values of specific indicators
have been assigned to each of the injector’s positions.
Changes in these values occur in the range of <0;1>. The
table also contains a pictogram analysis, which shows that
the most positive results occur when placing the injector at
the coordinatesy =7 mmand z =9 mm or z = 10 mm. The
worst position of the injector is the one with the y coordi-
nate of y =9 mm.

Due to the fact that it was still impossible to determine
the best injector position, the normalized values of process
indicators were summed for each injector position (Fig. 14).
Using such a summation method, the maximum possible
value became 7 (when all normalized indicator values ob-
tained were equal to 1). The highest value of 5.57 normal-
ized indicators was obtained for the injector position with
the coordinates y = 7, z = 9 and the angle alpha = 20 deg
(code: y(7)z(9)alpha(20)), as shown in the column titled

"Index" in Table 3. It should be noted, however, that the
values do not show any tendency of the injector positioning
based upon the indicators used, as it took place in spray
analysis [18].

Additionally, in Fig. 14, the sums of normalized com-
bustion indicators are summarized (sum of the "Index"
column for individual injector positions). They were calcu-
lated as follows:

y(7 mm) = X y(7)z(j)alpha(k) (14)

y(8 mm) = X y(8)z(j)alpha(k) (15)

y(9 mm) = X y(9)z(j)alpha(k) (16)

z(9 mm) = X y(i)z(9)alpha(k) an
z(10 mm) = X y(i)z(10)alpha(k) (18)
z(11 mm) = X y(i)z(11)alpha(k) (19)
alpha(15 deg) = X y(i)z(j)alpha(15) (20)
alpha(17,5 deg) = X y(i)z(j)alpha(17.5) (21)
alpha(20 deg) = X y(i)z(j)alpha(20) (22)

where: i =7,8 and 9 mm, j =9, 10 and 11 mm, while k =
15, 17.5 and 20 deg.
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Table 3. Relative values of fuel combustion rate and concentration of exhaust components at specified injector positions

y z |alpha Pmax Tmax HRmax CO2-max NO-max CO-min Soot-min Index
mm [ mm | deg Pa K J - - - [-]
15 |1 042 071 |! o062 ! 063 ¥ 018 3 007 |« 1.00 1 3.63|
9 | 175|! o046 o 067 |of 072 | 068 ¥ 032 ¥ 029 |« 084 > 3.98
20 [« 1.00 o 100 | 082 |« 093 061 ¥ 021 |« 099 4 5.57,
15 |1 o041 o 080 |« 081 [ 082 ! 044 ¥ 007 |« 098 > 4.32
7 |10 ]|175]|! o042 o 093 |of 1.00 [ 1.00 ¥ 032 ¥ 026 |« 086 A 479
20 |! o034 " 052 |! o057 |« o071 ! 055 ¥ 023 |« 093 > 3.8
15 [ o021 o 067 |of 075 | 0.69 ! 052 ¥ 016 |« 089 >  3.88
11 | 175 |3 0.15 105 |« 067 |& 072 ¥ 031 ¥ 003 |« 092 91 3.40
20 | o0.28 1061 | 072 |& o071 ¥ 018 ! 049 |« 083 > 3.81
15 [ o014 " 052 |! o061 ! 064 % 000 3 000 |« o097 i} 288
9 |175|! o048 o 081 [« 087 o 090 # 030 # 032 « 097 21 465
20 |1 o062 " o051 |! o041 v 0.51 « 1.00 « 067 |« 097 21 470
15 [3¢ o0.24 7 066 |« 067 | 088 « 079 3 020 |« 098 1 443
8 | 10175 o025 7 061 |! 058 |« 075 2 02 " 054 |« 095 > 3.88
20 |7 o052 « 071 |« 070 |« 075 « 072 " 041 |« 085 21 466
15 |7 036 072 |« 069 |« 075 % 012 3 009 |« o086 94 3.59
11 | 175 |3 0.29 7 058 |! 063 |« 073 T 062 3 018 |« o091 > 3.94
20 | o032 7 056 |! 065 |« 068 7 040 ! 052 7 059 1 3.72
15 | o015 ! 038 |! 039 ! 046 € 008 ! 041 ! 067 4 253
9 [175|! o064 " 057 |! o054 ! 060 « 082 ! 065 |« 079 A 461
20 | o0.10 3 000 [ 000 [ 000 ! 053 o 100 |« 091 {254
15 [ 0.00 3 033 (¥ 022 ! 049 072 ! 050 |« 079 4 3.03
9 |10 |175]|! o036 " 054 |! o054 ! 060 ! 053 ! 061 |« 081 > 4.00
20 | o031 ! 044 |! 048 ! 050 ! 060 ! 052 |« 087 1 3.73
15 [ 022 o 071 |! 064 | 0091 ! 049 ¥ 003 |« o081 > 3.82
11 | 175|! 045 " 060 |! 042 |& 070 « 078 ! 037 |« 070 > 4.03
20 |! o056 " 039 |¥ 018 |¥ 028 ! 048 « 079 [ o0.00 i} 2.68
7.0
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Fig. 14. Indicators of the best injector position selection based on the obtained parameters regarding fuel combustion conditions (based on Table 4)

The performed comparison leads to the conclusion that
the highest point value was obtained for the injector posi-
tion y = 7 mm. This means that combustion indicators take
the highest values at this injector position, regardless of the
other position variables. This position, selected for the
variable z, is z = 9 mm. Although the best individual angu-
lar position turned out to be 20 deg (code y(7)z(9)alpha(20)
—aty=7and z =9 mm), the best overall results were ob-
tained at an angle of 17.5 deg without taking into account
the y and z coordinates.

The injector position change sensitivity range was de-
termined to be:

deltay =
0.5{max(y(i)z(j)alpha(k)) — min(y(i)z(j)alpha(k))} (23)

where the values max() and min() can be found in Table 3
(i, j, k are the same as in eq. (14)—(22)).

The results of these calculations are presented in Fig.
15. It follows that the results are most sensitive to the y
coordinate injector position change — the injector position
height. Another variable determining the total index sum
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value (expressed in numerical form in Fig. 14) is the change
in distance from the axis of the spark plug. The least sensi-
tive parameter for changes in fuel atomization indicators is
the injector position angle within the limits adopted for the
performed simulation tests.

3.13

Sensitivity of changes

Z B

delta z ‘

deltay ‘ delta alpha

[1/deg]

[1/mm] [1/mm] ‘

Fig. 15. The weighed impact of changes in y and z coordinates and the
injector angle on the combustion process

6. Conclusions

Injector location tests were conducted using computer
simulations, which were used to analyze the combustion
indicators. The best solution was defined as one which, as a
result of normalizing the indicators, it was possible to ob-
tain the largest sum value of all these indicator values.

The pseudo-optimal location (within the adopted model
boundaries), was characterized by:

— the largest inset in the combustion chamber y = 7 mm,

— the shortest distance from the spark plug z =9 mm,

— the highest angle in relation to the axis of the cylinder
alpha = 20 deg.

The differences in the indicator values between the
maximum changes in the injector inset in the combustion
chamber were:

—  4.2% mean value of maximum temperature;
— 5.6% mean value of maximum pressure;

— 3.9% total heat release;

— 7.8% NO concentration;

— 55.0% soot concentration;

— 2.0% CO, concentration;

— 12.6% CO concentration.

The differences between indicator values in most and
least favourable position in terms of the injector distance
from the spark plug were:

— 1.6% mean value of maximum temperature;
— 4.1% mean value of maximum pressure;

— 0.9% total heat release;

— 26.3% NO concentration;

— 3.3% soot concentration;

— 0.7% CO, concentration;

— 3.2% CO concentration.

The differences in the indicator values between the
maximum changes in the injector angle relative to the cyl-
inder axis were:

— 3.5% mean value of maximum temperature;
— 11.9% mean value of maximum pressure;

— 3.3% total heat release;

— 33.7% NO concentration;

— 160.3% soot concentration;

— 3.5% CO, concentration;

— 5.3% CO concentration.

Sensitivity of injector position changes was determined
on the basis of the total indicator sum of changes in a given
coordinate or angle (Fig. 15). This sensitivity analysis re-
sulted in the following conclusions:

— the longitudinal injector position change is the most
important parameter affecting combustion indicators
changes;

— this change is about 1.6 times more significant than the
change in the position of the injector's distance from the
axis of the spark plug and about 3 times more significant
than the angle of the injector's position.

The authors' previous study, focused on the fuel atomi-
zation in the described system [18] results in the same con-
clusion on the selection of the most favourable injector
position (y = 7 mm, z = 9 mm, alpha = 20 deg). However,
the analysis of both phenomena cannot be conducted sepa-
rately, as the intermediate results vary upon different
tendencies.

The conclusions obtained after the simulation analysis
of the phenomenon will be taken into account in compari-
son of fuel atomization rates in the two injectors system and
during combustion analysis in such a system.
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Comparison of the results of mathematical modeling of a GTM 120
miniature turbine jet engine with the research results

The paper presents gas-dynamic calculations of a GTM 120 miniature turbine jet engine. The engine performance parameters have
been determined and then validated with theory contained in literature as well as the results of research carried out on a laboratory test

stand.

Key words: miniature jet engine, jet engine

1. Introduction

Airplane model jet engines are becoming increasingly
popular and recognized in the community of model makers
as their primary objective is to make their models possibly
close to the original and they are reluctant to apply conven-
tional propellers in jet plane models. Unfortunately, high
velocities of flying models fitted with jet engines lead to
their relatively frequent crashes and that, in turn, renders
airplane model engine manufacturers less eager in their
attempts to extend the engine life. Despite the above, one
can observe a continuous advancement in this type of
drivetrains and its increasingly wider application. One of
the examples of miniature turbine jet engines isa GTM 120
engine of Polish design.

The aim of the study was the performance of gas-
dynamic calculations of a GTM 120 miniature turbine jet
engine, the determination of its parameters and then their
comparison with theory contained in literature and the re-
sults of investigations carried out in a laboratory.

2. GTM 120 design

GTM 120 is a turbojet engine designed for subsonic air-
plane models. It is fitted with an non-adjustable intake and
a single stage radial compressor (Fig. 1).

It has an axial combustor and a single stage axial tur-
bine. The engine outlet nozzle is non-adjustable. The en-
gine shaft is supported on two ceramic bearings. The engine
start is carried out with an electric motor fitted before the
intake. The engine is mainly designed for use in flying
models but it can also be used as a didactic tool.

Fig. 1. GTM-120 engine [8]

The main priority when designing this engine was its
simplicity of design and unification of components. This is
confirmed by the centrifugal compressor and the turbine
rotor (ready made subassemblies available at other manu-
facturers) as well as the non-adjustable intake and the outlet
system.

3. Reproduction of the GTM 120 turbine engine
cycle parameters with the analytical method

The gas-dynamic calculations can be divided into two
stages [3].

The first, also referred to as preliminary gas-dynamic
calculations includes the calculation or selection of the
basic parameters of the cycle (compression rate of the com-
pressor and temperature of the gas upstream of the turbine),
determination of the engine mass flow rate that ensures an
obtainment of the preset thrust as well as a preliminary
selection of the flow channel dimensions.

The second, referred to as, as detailed gas-dynamic cal-
culations trims the results of the preliminary calculations.
At this stage the parameters are finally set in individual
characteristic flow channel cross-sections (Fig. 2) as well as
its final shape and size.

Because the task of the authors was to reproduce the pa-
rameters of the cycle of an existing engine, the first stage
was modified. In order to accurately reproduce the GTM
engine cycle parameters, these quantities were measured
during the tests and then adopted as output ones for the
preliminary gas-dynamic calculations in individual cross-
sections of the engine. As the calculation engine operating
point, the authors chose the engine speed at which the en-
gine produced the greatest specific thrust.

The outstanding parameters were assumed based on the
data contained in the literature [1, 3].

WL 1 2 3 4 5

E3F

=

Fig. 2. Diagram of the jet engine with marked stations [5]
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The results of the calculations have been shown in the
form of a curve of parameters changes in individual cross-
sections of the engine (Fig. 3). The curve made based on
the performed investigations has the same character as the
reference one, shown e.g. in [2], which confirms that the
calculations are correct. Validation and discussion of the
results has been presented in the further part of this paper.
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Fig. 3. Aerothermodynamic parameters in characteristic stations

4. Reproduction of the GTM 120 turbine jet engine
cycle parameters with the GasTurb software

GasTurb provides a possibility of a quick and simple
creation of models of different engines and determining
their operating parameters. The obtained engine model can
be freely modified, checking which setting would optimize
the engine operation. With the use of the said software, it is
possible to generate engine thermodynamic cycles as well
as many characteristics describing the changes of selected
parameters during the simulated engine operation. Using
the obtained data, one can evaluate the differences among
individual engine types, examine the impact of the sur-
roundings on the engine operation etc.

Because of the fact that the analytical calculations were
made for stationary conditions on the ground, according to
ISA, also in the GasTurb software, a model reproducing the
same conditions was developed.

During in-depth analyses within the software, a special-
ly prepared compressor characteristics was implemented.

The eventually generated engine model produces a usa-
ble torque of K = 0.08 kN and has a specific fuel consump-
tion on the level of C; = 60.32 g/(kN's). The second-by-
second fuel consumption is Cg = 0.00454 kg/s. The area of
the outlet cross-section is Ag = 0.0019 m?.

The changes of selected parameters of the working me-
dium alongside the working channel have been shown in
Fig. 4.

S

Fig. 4. Aerothermodynamic parameters in the characteristic stations

In the analytical calculations there are 5 characteristic
cross-sections, while the GasTurb assumes 8 of them. Fig. 5
presents a diagram of the engine with the GasTurb software
cross-sections marked.

Fig. 5. Characteristic stations in the GasTurb software [7]

5. Research of the GTM 120 turbine jet engine

The investigations that the authors relied on, were car-
ried out during the test of the GTM 120 engine throughout
several measurement sessions. The GTM 120 engine pa-
rameters were recorded at different rotational speeds. Dur-
ing the tests, the following parameters were recorded: tem-
perature, pressure, thrust, fuel consumption and engine
speed.

During the tests, mass flow in the intake was determined
using the Venturi tube.

The measured value also allowed calculating the engine
specific parameters (specific thrust and specific fuel con-
sumption). In order to compare the results of the investiga-
tions, they were converged to reduced parameters with the
help of appropriate formulas. Then, they were put in tables
and, on this basis, curves of the measured changes and
calculated parameters were created depending on the engine
rotational speed (test stand characteristics (Fig. 6 and 7). On
their basis, the selection of the operating point was made
for the aerothermodynamic calculations.

Kj [N*s/kg] Kj
350
300

250

+ Badania

150 —a—GasTurb

]

60000 70000 80000 90000 100000 N [obr/min]

Fig. 6. Specific thrust as a function of engine rotational speed

Figure 6 presents a comparison of the curves of the spe-
cific thrust in relation to the engine rotational speed. In both
cases, the curves are similar. It is noteworthy that there was
a significant spread of the laboratory tests results, which
may have been caused by the measurement method. The
specific thrust in the laboratory tests is measured indirectly.
Its values are determined based on the thrust and the mass
airflow. The results of the mass airflow were characterized
by a significant spread, which had impact on the k; curve.

When analyzing the curves of the changes of the specif-
ic fuel consumption (Fig. 7), one can observe that the curve
generated by GasTurb decreases much faster than the actual
one. The curves cross at the point corresponding to the
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engine speed of 94 000 rpm and above that value they are
highly convergent. At lower engine rotational speeds, the
specific fuel consumption is much more divergent. This
results from the fact that the gas-dynamic calculations were
carried out for the engine speed of 98 000 [rpm], while the
quantities impacting the fuel consumption in the miniature
model may vary along with the engine speed a bit different-
ly compared to the full size counterpart bearing in mind that
the adopted measurement methods were developed based
on the full size versions.

Gilg/nes) Cj
0,195

0,175
0,155

0,135
+ Badania

—a—GasTurb
0,115

0,005
0,075

0,055

60000 65000 70000 75000 80000 85000 90000 95000 100000 N [obr/min]

Fig. 7. Specific fuel consumption as a function of engine rotational speed

6. Comparison of the research results with
the calculations

Figure 8 presents the comparison of the results of the
GasTurb and the analytical calculations with the results for
selected engine operating points. When analyzing the bar
graph, one may observe that the greatest divergence be-
tween the calculations and the experiment is for the thrust.
In this case, a smaller error occurs for the analytical calcu-
lations (Table 1) and amounts to 2.6%, while for the Gas-
Turb it is 3.46%. The thrust calculated analytically is great-
er than that measured on the laboratory test stand and the
thrust generated by the software is lower. This is caused by
the fact that the results of the measured and calculated val-
ues of thrust were different as well. The thrust calculated
analytically at a given operating point is greater than the
actual one by 3.95 N, while the GasTurb result is lower by
2.8 N. This gives a relative error of 5.06% and 3.59% re-
spectively. These differences may be caused by the fact that
in both cases such quantities as the efficiency of individual
subcomponents is not precisely known. The coefficients
were selected based on the subsequent iterations so that the
calculations were coherent and logical and any deviations
from the real engine as little as possible. The lower value of
the thrust generated by GasTurb may result from the fact
that when the software is in the computing mode, it allows
for more factors influencing the engine thermal cycle.

Another calculated value that rather significantly devi-
ates from the results of the experiment is the temperature T,
downstream of the compressor. In this case, however, the
results of both the software and the analytical calculations
are very similar. The difference of the order of 3.4% from
the actual value may be caused by the unknown flow losses
in the flow channel. Both these factors were not allowed for
in the calculations on this level of detail.

The smallest deviation from the actual value occurred
when calculating the total pressure P; downstream of the
compressor. For the calculations, the compression rate of
the compressor and its efficiency were selected through
iteration, each time comparing the outcome with the test
results. Such a small divergence may confirm that the said
parameters (compression rate and efficiency) were properly
selected.
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Fig. 8 Comparison of the calculations with the test results

The smallest deviation from the actual value occurred
when calculating the total pressure P; downstream of the
compressor. For the calculations, the compression rate of
the compressor and its efficiency were selected through
iteration, each time comparing the outcome with the test
results. Such a small divergence may confirm that the said
parameters (compression rate and efficiency) were properly
selected.

Table 1 Error values for individual parameters for selected operating point

Parameter A X% A X%
Analytical Analytical GasTurb GasTurb
calculations calculations
T, [K] 13.18 3.37 13.24 3.39
P; [KPa] 0.19 0.09 0.20 0.09
K [N] 3.95 5.06 2.80 3.59
Ch [Kg/h] 0.41 244 0.58 3.45
m [g/s] 0.19 0.08 0.19 0.08
ki [N/kg's] 8.78 2.65 11.47 3.46
Cj [g/kN"s] 1.51 2.50 0.06 0.10

7. Conclusions

The above analysis allowed a comparison of the calcula-
tions of the created engine model and its characteristics with
the data obtained in the tests on a real engine. The task was
rather difficult because the related literature is scarce [4].

During the works, the authors generated a computer
model close to a real engine and performed proper gas-
dynamic calculations. As we can see in the above compari-
son, the results obtained in the analytical method are very
similar to those obtained in the computer calculations and
the deviations from the real model are on a similar level for
both methods. The deviations may be caused by the model
engine (GTM 120) imperfections or inadequacy of the
selected calculation methods for this type of engine.

The performance parameters of the GTM 12 engine are
comparable to other engines in this class. Analyses of the
performance parameters of other engines have been pre-
sented in [6]. The performed works also confirmed the
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compliance of the engine cycle with the theoretical assump-
tions related to aviation engines. For a more in-depth analy-
sis, additional investigations must be carried out along with
detailed calculations including the geometry of the object,
which would validate the above assumptions. Lack of de-
tailed validation, despite a rather high convergence of the
calculations with the results of the experiment hints treating

the presented characteristics and results rather illustratively.
Nevertheless, the aim of the work was fulfilled and this area
in aviation propulsion should be treated as interesting and
worthy of notice. It would be interesting to perform investi-
gations of several different engines of similar design to
validate the applicability of the presented theories, thus
creating a trustworthy source of scientific information.
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Changes of properties of engine oils diluted with diesel oil under real operating
conditions

The aim of the article was to analyze changes in the trends of selected physical, chemical and functional properties of lubricating
engine oil operating in a diesel-engine vehicle equipped with DPF. The vehicle was operated mainly in urban driving conditions (app.
70%), which impeded the DPF regeneration cycle and caused dilution of oil with unburned fuel. Changes in the following physical and
chemical properties were assessed: the DF level in engine oil, viscosity (kinematic, dynamic HTHS and structural CCS), total base num-
ber, acid number as well as the degree of oxidation, nitration and sulphonation. The tests have shown that the amount of unburned fuel
that goes to the engine crankcase due to the unfinished DPF regeneration cycle is as high as 26.0-34.6%. Dilution of the lubricating oil
with fuel leads to a significant reduction of its viscosity — about 30% of the fuel content causes a decrease in the kinematic viscosity
measured at 100°C to the level of 7.7 mm®/s. There was also a significant decrease in total base number (TBN) < 2 mg KOH/g, and an
increase in the total acid number (TAN). Moreover, the results obtained were analyzed for potential effects that could have been caused

during prolonged engine operation by assessing the content of trace elements in the samples taken.

Key words: oil condition monitoring, lubricant properties, DPF, degradation, reliability, dilution of the lubricating oil

1. Introduction

Increasingly stricter standards in the field of environ-
mental protection have led, as far as compression ignition
engines (CI) are concerned, to the widespread distribution
of diesel particulate filters (DPFs), which require at least
periodic regeneration processes to function properly. In the
case of an LD (Light Duty) engine it is common practice to
actively regenerate plus apply an additional fuel dose in-
jected by the high pressure fuel injection system at the end
of the combustion stroke so that, as a result of combustion
in the exhaust system, the exhaust gas temperature increas-
es before it reaches DPF [18]. The high temperature corro-
sion effect is also expected during the demanding regenera-
tion phases, when temperature peak values on some DPFs
substrates eventually exceed 1200°C [7]. Unfinished cycles
of filter regeneration lead to the penetration of excess un-
burned fuel into the engine oil, which results in a significant
deterioration of its physical, chemical and functional prop-
erties. The viscosity of the lubricating oil is systematically
lowered as a result of diluting it with fuel and the leaching
of elements included in the additives package follows. This
contributes to an accelerated reduction of the base number,
with the simultaneous increase in the acid number of the
lubricating oil. Sejkorova et al. [16] singled out two factors
influencing the durability of engine oils and loss of the
functional properties of lubricating systems. The first is
degradation — thermal and oxidative, as a result of a de-
crease in anti-oxidant, anti-abrasive and detergent additives
efficiency owing to the destruction of polymer viscosity
modifiers. The other is contamination with combustion
products, due to solid particles such as dust, outer contami-
nants, abrasive metals, water and cooling liquid as well as
to diluting the oil with unburned fuel.

The aim of this article is to analyze change trends in se-
lected physical, chemical and functional properties of lubri-
cating engine oil as a result of app. 70% urban operation
(driving and stoppages in traffic jams, driving on relatively
short distances without heating the engine, repeated heating

and cooling as well as multiple cycles of a cold engine,
which are very harmful for both the oil and diesel particu-
late filter) in a diesel-engine vehicle equipped with DPF
after the dilution of oil (about 30% Diesel Fuel — DF,
measured after the operation phase) with unburned fuel.
Changes in the following physical and chemical properties
occur: DF level in engine oil, viscosity (kinematic, dynamic
HTHS and structural CCS), total base number, acid number
as well as the degree of oxidation, nitration and sulphona-
tion. The results obtained were analyzed for potential ef-
fects that could have been caused during prolonged engine
operation by assessing the content of trace elements in the
samples taken. In the literature on the subject many scien-
tists have investigated the changes in the properties of en-
gine oils under real operating conditions. Sejkorova and
Glos [14] conducted an analysis of the degradation of en-
gine oils used in Zetor tractors which showed that the lubri-
cation and friction processes in their engines were affected
negatively which resulted in increased wear. Bulsara et al.
[5] predicted about the residual life of lubricant oil in a four
stroke engine. Severa et al. [17] dealt with the evaluation of
changes in the flow of oil in motorcycle engines during
their life cycle. Wolak and Zajac [22] developed a statisti-
cal model enabling to calculate average predictive values of
kinematic viscosity for a given mileage under similar oper-
ating conditions. Naikan et al. [12] proposed a procedure
(statistical models ‘fitted’ to experimental data) for reliabil-
ity analysis of oil used for engine lubrication in wheeled
vehicles. Sejkorova et al. [15] presented the results of tests
on two types of used engine oils from two different suppli-
ers. The evaluation of selected parameters did not prove
that after the exceeding of 40,000 km oil change interval
the more expensive engine oil would ensure all the required
functions as it had been declared by the supplier’s sales
representative. Kral et al. [9] tested long-life engine oils
(the engine oil change intervals for those cars are some-
where between 30,000 and 50,000 km) used in unfavoura-
ble or difficult conditions. However, the results they ob-
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tained did not correspond to onboard computer readings.
Many scientists have proposed the use of various sensors to
control the quality of engine oil during the engine operation
[1, 4, 8, 21]. However, the problem with using engine oper-
ating parameters is that they do not monitor the physical
properties of the lubricant directly, therefore critical prob-
lems such as fuel contamination, can be overlooked. Dilut-
ing engine oil with fuel can cause very dangerous effects to
the engine, including occurrence of boundary lubrication,
accelerated wear of cylinder liners, piston rings, bearings
and crank pins, reduction of lubricating oil pressure, reduc-
tion of engine performance or, ultimately, reduction of
engine’s life time [19].

2. Characteristics of the research material

The experimental materials were engine oils in the vis-
cosity class SAE 0W40 and 5W-30 and the quality ACEA
2016 — C3 (coded as CE and PE). The level of changes was
assessed in the properties of oil used in the BMW model
520 vehicle, equipped with self-ignition engine, driven by
the same manufacturer’s fuel.

Table 1 contains the general specification of the selected
model. Before starting the operation, the output parameters
for the sample of unused (fresh) engine oil were deter-
mined, and then the same test cycle was carried out five
times every 15,000 km (details in Table 2). During the
experiment, three samples of CE oil and two samples of PE
oil were obtained. No refills were used. To the contrary, oil
surplus in the lubrication system under the inflow of DF
was a real problem.

Table 1. The general specification of the BMW 520 D

Production year 2006
Engine displacement 1995 cm?
Engine type diesel

Engine power 120 kW at 4000 rpm

Maximum torque 340 Nm at 2000 rpm

Forced induction by turbocharger (gas compressor)

Number of cylinders 4
Cylinder arrangement straight (inline)
Number of valves 16
Injection type Common Rail
Lubrication system capacity 5.5 dm’
Manual gearbox 6-gear
Transmission type rear axle

Table 2 lists the oils selected for testing in the viscosity
class SAE 0W-40 and 5W-30 together with the API, ACEA
requirements specified by the manufacturer as well as the
requirements of the engine makers.

When analyzing the obtained results of engine oil prop-
erties it should be taken into account that the vehicle was
operated in 70% in the urban cycle and in 30% in the non-
urban cycle. The actual operating conditions of the vehicle
in the urban cycle involved:

— operation of the car requiring a large, variable load on
the engine (alternating, rapid acceleration and deceleration,
driving with heavy load),

— prolonged engine idling (driving and stoppages of the
car in traffic jams),

— driving the car on short distances using an unheated
engine,

— frequent starts at low engine temperatures.
Table 3 presents the details related to the operation of
the test facility containing engine oil.

Table 2. Quality and viscosity classification of engine oils selected for

testing
Qil SAE ACEA | API | Classification  according to
Code engine manufacturers
CE 0W-40 | C3 SN | BMW Longlife-04, dexos2®%*,

Meets Fiat 9.55535-S2, MB-
Approval 229.31/ 229.51, Por-
sche A40, Renault RN 0700 /
RN 0710, VW 502 00 / 505 00

VW Standard 504 00/ VW
Standard 507 00, Mercedes-Benz
22951, BMW Longlife-04,
Porsche C30, Audi, Skoda, Seat

PE 5W-30 | C3

Table 3. Operational characteristics of the test facility

Sample code Initial car Car mileage / Number of kilo-
mileage sampling [km] / meters driven
[km] (date) [km]

CE 1; Sample 130 600 147 000/ 16 400
One (21.07.2013)

CE 2; Sample 147 000 164 085 / 17 085
Two (30.04.2014)

CE 3; Sample 164 085 180400/ 16 315
Three (15.06.2015)

PE 1; Sample 180 400 196 300/ 15900
One (23.05.2016)

PE 2; Sample 196 300 206 900/ 10 600
Two (02.03.2017)

3. Methods of research

In order to ensure the required physical, chemical and
functional properties of lubricating oil during operation, in
recent years procedures for their monitoring have been
developed and widely applied. Detailed verification of oil
change intervals is carried out depending on the operating
conditions, which are closely related to both the quantita-
tive and qualitative lubricating oil degradation processes.

Considering the above-presented issues, the focus was
on assessing the changes in physical, chemical and func-
tional properties affecting the operational usefulness of
motor oils, i.e. viscosity (kinematic, dynamic HTHS and
structural CCS), total base number, acid humber, DF con-
tent and oxidation, nitration and sulfonation. The kinematic
viscosity was calculated on the basis of the flow time, spe-
cific volume of liquid by the calibrated capillary (Ub-
belohde capillary viscometer), under strictly defined meas-
urement conditions (flow time, capillary constant etc.) and
at the strictly determined temperature, according to the EN
ISO 3104 standard. Dynamic viscosity HTHS (high tem-
perature high shear) was determined at 150°C at the shear
rate of 10° s, using the Ravenfield viscometer with coaxial
cones, in accordance with the ASTM D4741 standard. The
determination of structural viscosity at low temperatures
was carried out according to the PN-C-04150:2004 standard
by means of a cold cranking simulator, by measuring the
rotational speed of the impeller immersed in oil cooled
down to —35°C (CE) and —30°C (PE). The content of acidic
substances (ASTM D664) and weak bases in the paraffin
products was measured by the potentiometric titration
method. The measure unit of their content is the so-called
total base number, also referred to as the alkaline reserve
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(ASTM D2896). The determination of diesel oil content in
engine oil was performed by capillary gas chromatography
with FID flame-ionization detection. The capillary column
used, with an average film thickness of the dime-
thylpolysiloxane stationary phase, enabled the separation of
the diesel oil and engine oil fractions. Using the infrared
spectroscopy method (ASTM E2413 A.2), the oil aging
process was monitored, which occurs under operating con-
ditions due to three processes: oxidation (binding of oxygen
to hydrocarbons contained in oil), sulfonation (binding of
sulfur oxides) and nitration (binding of nitrogen oxides). On
the basis of the nature of the operated oil spectrum, the
signal measurement was analyzed in a specific area of in-
frared radiation absorption. The levels of the previously
discussed carbonyl, nitro and sulphonic groups for used oils
were determined not directly from their spectra, but from
the difference spectra, i.e. the spectra resulting from the
mathematical operation: the spectrum of used oil minus the
spectrum of fresh oil. The contents of elements derived
from the additives and of metals which polluted the oil due
to the wear of engine components, were determined by the
ICP-OES technique in an environment of organic solvents
using the internal standard method, according to the ASTM
D 5185 method.

4. Presentation and analysis of test results

Figure 1 shows the diesel oil content in the analyzed en-
gine oil lubricating samples. Definitely more fuel was
found in oils from the CE group (on average 34.6% (m/m))
than from the PE group (on average 26% (m/m)). The most
DF was found in the CE1 sample and it was a very danger-
ous level of 37.1% (m/m).

Booser [3] indicates possible condemning limits for fuel
contamination: minor (1.5-4.5%), significant (5-7.5%) and
excessive (> 7.5%). Excessive lubricant contamination may
lead to dramatic changes in lubricant properties, preventing
the lubricant from performing its required functions [6].
The low level of DF in the lubricating oil in PE2 sample
can be explained by the lowest mileage of the vehicle
(10,600 km).
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Fig. 1. Change of diesel fuel content in engine oil during operation

Increased dilution of engine oil with diesel fuel is at-
tributed to the use in common rail injection systems of the
software supporting the regeneration of diesel particulate
filters by means of additional fuel injection after complet-
ing the combustion process [19]. If the process is not com-

pleted, due to random occurrences during the DPF regener-
ation cycle, there is an increased penetration of fuel into the
engine oil. This is most often the case during the urban
driving cycle.

The high diesel fuel content in the tested samples is con-
firmed by a significant decrease in the kinematic viscosity
determined at 40°C and 100°C. The changes in kinematic
viscosity occurring at both temperatures are presented in
Fig. 2.

@Kinematie viscosity (100 °C) w00 DK

itic viscosity (40 °C)

122 s
0.0
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CEFwsh CEl CE2 CE3 PEfesh PEl  PE2 CEFresh CEl  CE2 CE3 PEfesh PEI  PE2

Fig. 2. Changing the kinematic viscosity in the tested lubricating oil sam-
ples

On the basis of the obtained test results it was observed
that as a result of DF transfer to the engine oil there is
a dangerous (about 50%) decrease in the kinematic viscosi-
ty at 40°C (after the average mileage of 16,600 km), the
largest for CE3 samples (decrease by 52% in relation to the
initial value 52%) and PE1 (decrease by 50%), while the
lowest for: PE2 (decrease by 34% in relation to the initial
value) and CE1 (decrease by 46%). The situation is similar
for the changes in the kinematic viscosity of engine oil
determined at 100°C. The viscosity value at this tempera-
ture, after the same mileage, dropped by about 40% in rela-
tion to the initial value (for the CE1 sample: by 37%, CE2:
by 39.3%, CE3: by 44.8%, PEL: by 40%, PE2: by 34%).
According to the classification SAE J300 from 2015, the
kinematic viscosity at 100°C for oils of class 40 should be
in the range of 12.5-16.3 mm?/s. The obtained results pro-
vide the basis for stating that the kinematic viscosity of the
analyzed oil, after the average mileage of approximately
16,600 km, drops to the levels corresponding to viscosity
class 20.

Thus, the oil is not kept in the viscosity class declared
by the manufacturer (40). On the one hand, it can be con-
sidered that reducing the viscosity will bring benefits such
as faster circulation in the engine and reduced energy con-
sumption. Nevertheless, the use of viscosity class 40 oil
suggests the need to better protect the engine from wear,
and not reduce energy consumption, and you can have
doubts whether the gap between the piston and the cylinder
wall will be effectively sealed. Such a large amount of fuel
in oil did not allow for the compensation of the oil viscosity
decrease by the increase in viscosity resulting from the oil
densification by degradation products. Attention should be
drawn to the fact that both CE2 and PE1 oils underwent
very similar viscosity drops at 40°C and 100°C, in spite of
the fact that they differed significantly in the fuel content
(32.5 and 28.5) — this resulted from the fact that the CE oil
should have a lower viscosity with a higher fuel content,
which was not the case. The reason could be the use of
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a different set of antioxidant additives and the emergence of
larger amounts of degradation products increasing viscosi-
ty. That is also confirmed by the observation of oxidation
change presented in Fig. 4. The HTHS dynamic viscosity
(Fig. 3) of the tested engine oil samples was not maintained
at levels guaranteeing the provision of a suitable lubricating
film at high temperatures and at high shear rates.
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Fig. 3. Changes in dynamic viscosity - structural viscosity CCS (-35°C:
CE, —30°C: PE) and HTHS

According to the SAE J300 classification, the HTHS
dynamic viscosity should not be lower than 2.9 mPa-s. The
highest decrease in HTHS viscosity occurs in relation to the
CE3 sample: 33% (mileage 16,315 km), while the lowest
for the PE2 sample: 17% (mileage 15,900 km). From the
changes in the structural viscosity of the tested engine oils
presented in Fig. 3 at —35°C (CE) and —30°C (PE), by the
cold start simulator (CCS), it is obvious how significantly
the structural viscosity of the oil gets affected under the
described operating conditions. The largest decrease in
structural viscosity in relation to the initial value was ob-
served for the CE3 and PE1 samples: 56%. For the other
samples, the decrease is slightly lower, nevertheless it still
remains at a significantly high level (over 37%).

As to the indirect assessment of the oxidation stability
loss of oils in a large volume, i.e. changes in the acid num-
ber (Fig. 5) and assessment of IR spectrum changes (Fig.
4), it was observed that in each case (for all the tested sam-
ples) the changes occurring during operation showed simi-
lar levels of engine oil degradation. CE oils were character-
ized by a lower resistance to oxidation (oil degradation
caused by undesirable chemical reactions with oxygen) than
PE oils. The value of all the tested oil samples in all the
cases after an average mileage of 16,600 km, exceeded
level 1 (Abs/0.1 mm). There has been a significant increase
in the degree of oxidation. It is assumed that the limit value
for oxidation degree is 0.4 (Abs/0.1 mm) [19].

When assessing the reactions occurring during the con-
tact of hydrocarbons with nitrogen oxides, resulting from
the engine operation leading to the formation of organic
nitrates, it was found out that after the examined mileage
there was an increase in the binding of nitrogen compounds
exceeding the permissible level (0.4 Abs/0.1 mm) for two
samples (CE1 — 0.46 (Abs/0.1 mm) and CE3 — 0.48
(Abs/0.1 mm). The values of sulphonation of lubricating
engine oils under the analyzed conditions stayed at an aver-
age level of about 0.16 (Abs/0.1 mm). It can be observed
that the binding of sulfur compounds stayed at the highest
level, 0.28 (Abs/0.1 mm), for the sample CE2, character-
ized by the lowest oxidation and nitration (in the group of
oils CE).
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Fig. 4. Oxidation, nitration and sulphonation changes

The mixture of compounds with different physical and
chemical properties as well as the group composition of
engine oil affect the width of the spectrum of compounds
that may be formed under operating condition. The heat
generated during the engine operation, contact with fuel and
its combustion products, combined with the common pres-
ence of oxygen from the air, cause the degradation of the
basic engine oil component: hydrocarbons. The accompa-
nying chemical and mechanical-chemical transformations
cause a decrease in the content of additives introduced into
the engine oil to give it the required quality characteristics.
The acid value (Fig. 5), which for fresh oil was 2.21 (CE)
and 1.95 (PE) mg KOH/g, significantly increased after the
operation period (the largest increase for CE3 samples —
285% and for PE1 — 178%).
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Fig. 5. Changes in the acid number of the tested engine oil samples

The changes in the total base number were equally large
as the above-analyzed acid number changes.

The greatest changes were observed for the CE oil sam-
ples (over 70%). Such a high drop can be linked to, among
others, a high content of fuel, as for PE samples with lower
fuel content these changes were not so high. However, it
should be taken into account that differences in the drop
may also result from the additive package used by the pro-
ducers. Such a large decrease in the total base number is
a warning signal for the owner of the vehicle, because the
loss of alkaline reserve is a decrease in the lubricating oil's
ability to neutralize acidic combustion products (engine oil
should neutralize acidic products from fuel combustion and
prevent corrosion processes). These changes will also affect
the oil washing and dispersing potential, i.e. the ability of
the oil to maintain any deposits in its volume and prevent
their deposition on the engine's structural elements.
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Fig. 6. Changes in the total base number in the tested engine oil samples

The next stage of the research was the assessment of
trace elements content in the samples taken. Table 4 sum-
marizes the content of metals originating from the wear
processes, impurities, additives package or other aforemen-
tioned sources. The ranges of elements and wavelengths are

also given.

The analysis of the content of individual chemical ele-
ments was carried out for each metal separately:
— Aluminum — wear product — piston damages, aluminum

bearings, cylinder block surfaces [20]. Excessive pres-
ence can cause damage to the filter and a drop in oil
pressure. In the CE2 sample a concentration of 11
mg/kg was recorded, in the other samples the level is
below the lower limit of detection.

Iron — a significant product of wear. The sources of
origin include: cylinder liners, piston rings, camshaft
and crankshaft, gear teeth, water [20]. Excessive pres-
ence of iron can cause oil degradation, insufficient lu-
brication, corrosion, oil film breakage, abnormal operat-
ing temperature and a drop in oil pressure [11]. The
highest concentration was recorded in the CE2 sample:
> 140 (259) mg/kg.

Lead, nickel, manganese — products of wear the amount
of which increases with the use of oil [20]. In the ana-

lyzed samples, the presence of these elements is below
the lower limit of detection.

Potassium, sodium — classified as the pollutants [24].
The presence of these elements is below the lower limit
of detection.

Chromium — a high level of chromium may indicate
excessive wear of chromed components such as rings
and sleeves [13, 20]. The highest concentration was rec-
orded in the CE2 sample — 6.1 mg/kg.

Copper — product of wear (wear of bearings and radiator
tubes), or additive [23]. The highest concentration oc-
curs for the CE2 sample: 14 mg/kg, while the average
concentration for the remaining samples is 8.6 mg/kg.
Magnesium — it appears in detergent but also as a prod-
uct of wear (used in the construction of bearings), its
visible significant increase for the CE3 sample: 314
mg/kg. The average for the remaining samples is 7
mg/kg. In the study carried out by Zigba-Palus et al.
[25] engine oils generally differed from each other in
terms of magnesium content, although these differences
were relatively small (in this study, however, the diver-
sity is very high (the coefficient of variation has reached
179%).

Zinc — a component of an additive. It has anti-corrosive
properties. The highest content was recorded in the CE3
sample: 1016 mg/kg. The average for the remaining
samples is 608 mg/kg.

Molybdenum — a component of an additive for engine
oil. The highest content occurs in CE1 and CE3 samples
(88 mg/kg on average). The average for the remaining
samples is 16 mg/kg.

Boron — a component of an additive [10]. The lowest
content remained in the CE2 oil — 6.3 mg/kg.

Calcium — it may occur as an impurity or an additive
[2]. The highest content is found in the CE3 sample
(2056 mg/kg). The average for the remaining samples is
1114 mg/kg.

Table 4. Content of trace elements in the collected samples

C +U [mag/kg]

Element Range Wave Fresh Fresh Sample Sample Sample Sample Sample

[mgrkg] length [nm] CE PE CE1 CE2 CE3 PE 1 PE 2

Metals from wear processes
Al 6.0-40 167.078 <6.0 <6.0 <6.0 (5.7) 1145 <6.0 (3.1) <6.0 (5) <6.0 (4.8)
Fe 2.0-140 259.941 <20 <20 128 +18 >140 (259) 16 £3 95+14 50 +8
Pb 10-160 220.353 <10 <10) <10 <10 <10 <10 <10
Mn 5.0-700 257.611 <10 <1.0) <5.0 <5.0 <5.0 <5.0 <5.0
Ni 5.0-40 231.604 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0 <5.0)
Metals from the contamination of oil
K 40-1200 766.491 <10.0 <10.0 <10 <10 <10 <10 <10
Na 7.0-70 589.592 <70 <7.0 <70 <70 <7.0 <70 <7.0
Metals from wear processes and additives package
Cr 1.0-40 267.716 <10(0.1) | <1.0(0.1) 3.1+1.2 61+17 [ <1.0(0.85) | 29+11 2.1+0.9
Cu 2.0-160 324.754 <2.0(0) <2.0(0) 9.6 £1.6 14 +2 8.4+1.4 8.8+1.5 7.4+1.3
Mg 5.0-1700 279.553 5.10+1.8 6.26 +2.1 6.6 +2.2 8.9+2.8 314 +43 6.5 +2.2 6.21+2.1
Zn 60-1600 213.856 800 +93 833 +97 537 +60 632 +71 1016 +120 599 +67 665 +76
Mo 5.0-200 202.095 163 +16 153 +16 93 +11 14 +3 83 +11 12 ++3 23 +4
Metals from additives package and from the contamination of oil
B 4.0-30 249.773 171 171 29 +10 6.3 +9.5 54 32 45
Ca 40-9000 317.933 1812 £184 1797 £182 961 +81 1018 +87 2056 £217 1148 +102 1329 +123
Si 8.0-50 251.612 <8.0 (4.7 < 8.0(4.7) 8.6+/-4.8 8.4 +4.7 < 8.0 (4.6) <8.9(4.9) < 8.0 (6.6)
P 10-1000 177.495 671 +80 517 £70 403 +62 472 +67 802 +£87 456 +66 517 +£70
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— Silicon — it comes from an anti-foaming oil additive or
is part of dust particles intruding into the oil from the
outside (higher concentration signals a need for mainte-
nance with the probability of air filter failure [15]. Sili-
con values above 8 mg/kg have been determined for
CE1 and CE2 samples.

— Phosphorus — a component of an additive that provides
anti-rust properties [11]. In the three samples, there was
a decrease in the level of this element, which indicates
its depletion during operation. On the other hand, in the
case of the CE3 sample, there was an increase in rela-
tion to fresh oil (802 mg/kg), while for PE2 oil the level
remained at the fresh oil level.

The analysis of trace elements content in engine oils
that were diluted with fuel during operation has not given
a definite answer as to the effect of fuel on their content.
The observed changes in the concentration of elements did
not form a clear trend. Considering that each oil sample is
undergoing a different degradation process, changes can
occur at various time intervals.

For the CE oil, in the second period an increase was
recorded of typical wear elements: Al, Fe, Cr, Cu. In the
third measurement period for this oil, the maximum values
of Mg, Zn, B, Ca, P were observed with the simultaneous
maximum decrease in Kinematic, structural and dynamic
viscosity, maximum increase in acid number and maximum
decrease in base number. At the same time it could be ob-
served that for the PE2 sample with the lowest fuel content
(and mileage) the content of wear elements was at the low-
est level. It should also be taken into account that the con-
tent of trace elements is connected with the dilution intensi-
ty. During the research for each of the samples this process
looked different, which was due to the nature of driving and
ambient temperatures during operation.

5. Conclusion

The tests have shown that the amount of unburned fuel
that goes to the engine crankcase due to the unfinished DPF
regeneration cycle is as high as 26-34.6%. Such a large
amount of fuel in oil causes its dilution. Dilution of the
lubricating oil with fuel leads to a significant reduction of
its viscosity — about 30% of the fuel content causes a de-
crease in the kinematic viscosity measured at 100°C to the
level of 7.7 mm?/s. The kinematic viscosity measured at
40°C showed a decrease of approximately 50% (after an
average mileage of 16,600 km) — the largest for samples:

CE3 (decrease by 52% in relation to the initial value) and
PE1 (decrease by 50%), and the lowest for: PE2 (decrease
by 34% in relation to the initial value) and CE1 (decrease
by 46%). The dilution of oil also contributed to about
a 48% decrease in structural viscosity and a 25% decrease
of HTHS. Such large changes in viscosity make the oil film
less able to handle large loads that can occur at certain
points, such as the main bearings and those of the crank-
shaft. These changes are also visible in the concentration of
trace elements in oil, especially in the CE2 sample (alumi-
num: 1 mg/kg, lron: 259 mg/kg). Their potential sources
are: wear of the main and crank bearing shell sliding layer,
wear of plugs in the shells, seizure of pistons in cylinders,
etc. However, there are differences in concentration chang-
es in the analyzed periods of operation.

The gradual dilution of oil with fuel caused premature
degradation of engine oils, due, inter alia, to the antagonis-
tic effect of the components (not always compatible) of fuel
and oil. It also caused the acceleration of the oxidation
process, leading to levels significantly exceeding the limit
values (CE over 1 Abs/0.1 mm, PE about 0.8 Abs/0.1 mm).
There was also a significant decrease in the ability of lubri-
cating oil to neutralize acidic combustion products: TBN
< 2 mg KOH/g, and an increase in the acid number.

The dilution of engine oil with fuel is normal, provided
that the amount of fuel does not exceed several percent [3].
The test results have shown that the dilution of engine oil
with fuel from unfinished cycles of regeneration of DPF
filters is a serious operational problem, especially for vehi-
cles used in typically urban conditions. Changes in the
parameters described are really significant and may involve
potential accelerated engine wear. Therefore, continuous
development and introduction of new methods of testing
the changes in lubricating oil properties under operation,
adjusted to the quality changes of products placed on the
market and the conditions of their use, are indispensable.
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Research and analysis of harmful road emissions from a two-wheel vehicle engine
in laboratory conditions

The subject of this article is the identification of engine exhaust emissions of two-wheel vehicles under laboratory conditions. For
this purpose, analysis of road and time emission of gaseous compounds: HC, CO, CO,, NO, from a motorcycle equipped with an engine
with a displacement volume of 0.7 dm® and a maximum power of 55 kW was made. The tests were performed on a dynamometer station
designed for testing two-wheel vehicles. The speed characteristic was taken from the European type approval test WMTC, consisting of
three parts. Each of these parts lasted 600 seconds and was characterized by a different maximum vehicle speed value. The mobile
AXION R/S apparatus part of the PEMS device group was used in the research. What is more, the exhaust emissions results were
referred to the values listed by the exhaust emission standard met by the tested vehicle (Euro 4 standard). Laboratory tests presented in
the article are only intended as a basis for further research, which includes exhaust emission tests from two-wheel vehicles in real
operating conditions.

Key words: two-wheeler, motorcycle exhaust emissions, WMTC test

1. Introduction

One of the most important sources of greenhouse gas
emission is combustion engines used in transport, heavy
machinery, and other equipment. Another aspect tightly
related to the operation of combustion engines is exhaust
emissions. Today, we know that exhaust components such
as CO, HC, NO,, and PM (as a mass and particle number —
PN) are hazardous to human health. Therefore very im-
portant are action lead to reduction exhaust emission from
all type of vehicles also two-wheels.

Economic development, and hence the increase in the
wealth of the population of all world agglomerations,
leads to an increasing share of road transport, in which,
apart from cars and trucks, including the two-wheelers
vehicle group. This group makes it possible for people to
meet everyday transport needs, especially in Africa and
Asia, where the share of motorcycles and scooters ac-
counts for 70% of the entire fleet of road vehicles [8].
Asia has the highest number of motorcycles, especially
mopeds which are very important transportation tool. The
motorcycles sale in Asia is still significant in comparing
to the other areas of the world (Fig. 1). In India alone, in
one year (2017) the number of sold two-wheeled vehicles
amounted to almost 18 million units, which gives a result
of 48 thousand vehicles a day. In Europe, the number of
newly registered motorcycles and mopeds is dominated by
Germany, France and Italy (as of 2016) [11]. Motorcycles
emit significant air pollutants. For example, motorcycles
with about 54% of the total vehicle population in Jakarta,
Indonesia, emit in 1998 to more than 20% of PM10, and
CO and 40% of HC. A similar is in Hanoi, Vietnam,
where motorcycles contributed about 54% of CO and HC
and 43% dust [12]. The effect of that, according to the
WHO (World Health Organization), each year there are
around 600,000 premature deaths from diseases directly
related to air pollution in India [3]. The same problem of

motorcycle emissions are taking place in many Asian
cities. Therefore it is clear that priority must be given to
reduce pollutions from motorcycles.

Asia Pacific

Africa and Middle East

Central and South
America

Western Europe
North America

Eastern Europe 415

Fig. 1. Projected motorcycles sales worldwide (in thousand units) in 2018
by region [15]

The advantages resulting from the use of two-wheelers
(avoiding road congestion, no problem finding a parking
space and the ease of obtaining a license) cause a continu-
ous increase in the share of this vehicle category, in particu-
lar in Asian countries. This fact lead to many research and
development centers performing intensive research work on
the assessment of exhaust emission from this type of vehi-
cles. This is confirmed by numerous publications, in partic-
ular by scientists from Indonesia and India, where due to
the lack of a developed public transport network two-
wheeled vehicles accounts for 80% of private transport
sector [9].

The issue of emissivity is connected with increased ex-
penditures of legislators and authorities of all highly de-
veloped countries to improve air quality in urban centers.
Therefore, increasingly restrictive emission standards for
motorcycles are being introduced. Figure 2 presents the
development of emission standards in Europe, while Fig.
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3 presents the development of exhaust emissions limits,
which are more restrictive in next steps. The proposal of
Euro 5 limits which will introduce in 2020 most likely
will be more restrict than Euro 5. Moreover it is likely that
in Euro 5 standards the new methods of measurement will
be apply (cycles or real driving emissions measurement).
However, many scientific papers [4-7] have shown that
adopted type approval tests, such as WMTC (World Mo-
torcycles Test Cycle) do not fully reproduce the real oper-
ating conditions of these engines, and thus also their emis-
sions. Therefore, laboratory tests using the current WMTC
test presented in this article are only the basis for further
work of au-thors, which are exhaust emission tests from
two-wheelers in real operating conditions. They were
necessary to get to know the parameters of the combustion
engine operation.

EUROPEAN UNION

IEURMW lEUROZW TFUROQ EURO4W EUROSW

TWO-WHEEL MOTORCYCLE (L3e)
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Fig. 2. History of exhaust emission standards for two-wheeled vehicles in
Europe [10]

13.00

Emissions [g/km]

Euro 1 Euro 2 Euro 3 Euro 4

Fig. 3. The exhaust emission limits for motorcycles (category L3e)

The amending regulation ,,Commission Regulation of
European Union 2016/646 on type-approval of motor vehi-
cle include test procedures for RDE (Real Driving Emis-
sions) for Euro 6d homologation LDV (Light Duty Vehi-
cles) vehicles. As of today’s date there are not similar regu-
lation for motorcycles. Therefore, it is to be expected that in
the coming years the methodology of testing powered two-
wheeler-applications will remain unchanged.

2. Research metodology

2.1. Research object

The test object was a motorcycle type approved in
accordance with the Euro 4 standard. The vehicle was
equipped with a four-stroke engine with a displacement
volume of 0.7 dm® and a maximum power of 55 kW. The

motorcycle was produced in 2017. Before the start of the
test, its mileage was 740 km. Table 1 presents the technical
parameters of the motorcycle. The test vehicle was
equipped with a three-way catalytic reactor.

Table 1. Test motorcycle operating parameters

Engine type 2 cylinders, liquid-cooled 4-stroke,
DOHC, 4-valve
Displacement 0.7 dm®

Maximum power 55 kW/9000 rpm

Maximum torque 68 Nm/6500 rpm

Cylinder diameter/piston 80.0 mm x 68.6 mm

stroke
Compression ratio 11.5:1
Lubrication system wet oil sump

2.2. Chassis dynamometer

The tests were performed on a single-cylinder chassis
dynamometer designed for testing two-wheeled vehicles.
The INTERNAL 70 motorcycle test bench was manufac-
tured by SOFT-ENGINE, and its specification is presented
in Table 2. The stand enables the reading of the vehicle's
load parameters (instantaneous power, torque, speed, accel-
eration) as well as the distance traveled.

Table 2. Technical specifications of the dynamometer station [14]

Dynamometr 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

2.3. Measurement equipment

Measurement of harmful compounds in laboratory con-
ditions was possible thanks to the AxionR/S+ mobile appa-
ratus belonging to the PEMS (Portable Emissions Meas-
urement System) group (Fig. 4). The device allows to
measure emissions of harmful and toxic compounds, both
gaseous: hydrocarbons (HC), carbon monoxide (CO), car-
bon dioxide (CO,), nitrous oxide (NO) as well as solid
particles. Technical data of the apparatus is presented in
Table 3, while the test object with the measuring setup on
the dynamometer stand is shown in Fig. 5. Electrochemical
analyzers are used to determine NO and O,. The concentra-
tion of the first three of these compounds is measured by an
NDIR (Nondispersive Infrared Sensor) non-dispersive
analyzer. The PM measurement method uses a Laser Scat-
ter based method.

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

Fig. 4. The view of AxionR/S+

Table 3. AxionR/S+ device technical data [13]

Type of
Gas | Mesaure- Accuracy Resolution | Mesaures
ment range saure-
ment
+ 8 ppm abs. or
HC | 0-4000 ppm £39% rol. 1 ppm NDIR
+0.02% abs. or 0.001 vol.
—109
Co 0-10% £3% rel. % NDIR
+0.3% abs. or
CO; 0-16% 4% rol. 0.01 vol. % NDIR
+ 25 ppm abs. ;
NO | 0-4000 ppm or £3% rel. 1 ppm E-chem
+0.1% ppm
250, 0, =
0, 0-25% abs. or £3% rel. 0.01 vol. % E-chem
0 mg/m® to . 3 Laser
PM 1 300 mg/m? £2% 0.01 mg/m scatter

Fig. 5. Picture of the tested motorcycle along with the measuring apparatus
on the designated dynamometer

The device is one of the most modern measuring in-
struments, housing analyzers for measuring both gaseous
and solid compounds in a housing with a total weight of

only 18 kg. The main advantages of the device: its low
weight and small size dimensions make it possible to use to
test the emissions of all legally limited toxic compounds
from two-wheeled vehicles in real operating conditions.
What's more, the device also measures the mass
emission of solid particles, which legislators are planning to
limit through legislation with the Euro 5 standard in 2020.
The review of available literature showed the lack of such
tests, and the only item [2] describing exhaust emission
tests of two-wheeled wvehicles in real conditions of
operation was based on the measurements made with the
use of a dedicated passenger car, whose dimensions and
weight made tests possible only on a larger motorcycle unit.

2.4, WMTC test

The amount of two-wheeler vehicles in urban regions
grow very fast, especially in Asia region. This underlines
the need for improving pollutian control strategies for
motorcycles and mopeds. Therefore, numerous test cycles
for chassis dynamometer are available. Test cycles have
been developed by real conditions data that shall not be
based on fixed legislative driving standards, but reflect
local real driving conditions. A driving cycles usually are a
speed-time profile, sometimes with the gear information,
for a definite length of time for a specific type of vehicle.
Cycles represent different driving patterns and modes such
as acceleration, deceleration, cruising and idling modes.

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 Harmonisation 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. 6). Each of them lasted 600
seconds and was characterized by a different maximum
value of the speed. The maximum speeds of the individual
test phases are respectively: 50, 94 and 125 km/h, while the
average: 24.4, 54.7, 94.4 km/h. The total distance in the test
is 28,912 m, and the individual phases: 4065, 9111 and
15,736 m.
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Fig. 6. WMTC test cycle speed curve [11]
3. Analysis and results

3.1. Engine operating parameters analysis
The data obtained during the WMTC test on the chassis
dynamometer allowed to obtain the engine operation time
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share characteristics. This is a graphical representation of
the share of operating time (in relation to the duration of the
entire test) for individual engine speed ranges and its fuel
consumption. Fuel consumption depends on carbon dioxide
emissions and load, hence these terms will be used inter-
changeably. Based on the obtained results, it was found that
the motorcycle engine worked most often in rotational
speed range of 2000-4000 rpm and fuel consumption in the
range of 0-0.75 g/s (Fig. 7). The share of operating time in
this range amounted to almost 62%. This is also confirmed
by the average speed and average fuel consumption values,
which amounted to 3220 rpm and 0.54 g/s, respectively. A
significant share of operating time was also found for the
speed range of 1000-1500 rpm and for fuel consumption in
the range of 0-0.25 g/s, which accounts for 12% of its op-
eration.

ue [-]

Fig. 7. Operating time density for different speed ranges and fuel con-
sumption values

3.2. Analysis of the engine ecological indicators

The characteristics of the environmental performance
of the tested vehicle, as in the case of the characteristics of
the engine operation time density, are presented as a func-
tion of the engine rotational speed and the instantaneous
engine load associated with fuel consumption. The influ-
ence of the engine operating parameters on its ecological
indicators was determined for each of the substances lim-
ited by the Euro 4: CO, HC, and NO,. Due to the close
relation between the carbon dioxide emissions and the fuel
consumed, the characteristics for this exhaust component
were omitted.

0.008 7
0.007 +
0.006 1
0.005

0.004 +

NO, [g/s]

0.003
0.002 1
0.001

lv 15-175
1-1.25

705-0.75 FC[g/s]
-, tg/s]

Fig. 8. NO emission per second as a function of engine speed and fuel
consumption ranges

The time emission of NO, depends both on engine
speed and engine load (Fig. 8). For the tested motorcycle,
the maximum value of NO, emissions (0.008 g/s) was reg-
istered for the speed range 4500-5000 rpm and the load of
0.25-0.5 g/s of fuel consumed. The average emission for
this compound was 0.0067 g/s.

Although NO, emission was determined for a wide
range of engine speeds and loads, the highest values were
registered for the high rotational speeds range of 4000-
5500 rpm and fuel consumption of 0.25-0.5 g/s. High en-
gine speeds generate a higher temperature in the cylinder,
which directly favors the formation of nitrogen oxides.

The characteristics of CO, emissions as a function of
rotational speed and load are shown in figure 9. This fig-
ure indicates that the highest emission values were in the
high engine speed range from 4500-5000 rpm and fuel
consumption in the range 0.5-1.75 g/s. The high engine
speed, and hence the high doses of fuel supplied, cause
global and local oxygen deficiencies, which is closely
related to the formation of CO,. What is more, their for-
mation was also influenced by the high temperature in the
cylinder, which was conducive to CO, dissociation. The
highest value, 0.05 g/s, was recorded for speeds in the
range of 5000-5500 rpm and fuel consumption of 1.5-
1.75 gfs.
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Fig. 9. CO emission per second as a function of engine speed and fuel
consumption ranges
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Fig. 10. HC emission per second as a function of engine speed and fuel
consumption ranges

The characteristics of the HC emission per second as a
function of engine rotational speed and fuel consumption
(Fig. 10) showed that the largest hydrocarbon emission
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values were in the range of low loads and average rotational
speeds of 1000-2500 rpm with fuel consumption in the
range of 0-0.5 g/s.

Another significant range of the existing HC emission
values is for the rotational speeds of 4000-5500 rpm and
a load of 0.25-1.75 g/s. In this value range the highest HC
emission value was recorded, which amounted to 0.005 g/s.
The reason for this is the fact that at high rotational speeds
the injected fuel dose did not mix thoroughly resulting in
incomplete combustion.

1.20 -

1.00

0.80
E

B Emissi I

h-EB 0.60 mission values
= HEuro 4 limit

0.40

0.20

0.00 -

HC NOx co

Fig. 11 Comparison of the determined road emission with the Euro 4
emission standard

Using the determined mass emissions of individual gas
compounds and the distance traveled during the whole test,
the road emission of each compound was calculated. The
obtained emission values were compared with the admissi-
ble values specified for the Euro 4 standard (Fig. 11). The
set emission value limits were not exceeded. For CO, an
emission value was 73% lower than the limit value, for HC
and NO, it was lower by almost 40%, which was associated
with high efficiency of the engine exhaust aftertreatment
system, which comprised of a three-way catalytic reactor
(allowing oxidation of carbon monoxide and hydrocarbons
at simultaneous reduction of nitrogen oxides). Meeting the
emission standards was also the result of the fact that the
vehicle was still fairly new.

4. Conclusions

The tests performed on a two-wheel vehicle chassis dy-
namometer and analysis of their results allowed to formu-
late conclusions regarding the work indicators and ecologi-
cal characteristics of the test vehicle. The analysis did not
find any exceedances of the emission limit imposed by the
legislators, which confirms the validity of the current direc-
tions of motorcycle engines development. The main devel-
opment tendency (as in the case of car engines) is to meet
ever more stringent emission standards by using engine
exhaust aftertreatment systems. The test vehicle was
equipped with a three-way catalytic reactor. The fact that
both the vehicle and the aftertreatment system were not
deteriorated through heavy exploitation lead to a positive
impact on the final road emission results for all harmful
compounds limited by the Euro 4 standard.

The WMTC test is characterized by high engine speed
variability, which is extremely difficult to accurately repro-
duce on a chassis dynamometer. Differences of several
dozen percent between the final obtained results and the
emission limits prove that the vehicle meets the established
standards at the lower end of their range. This is very ad-
vantageous in the aspect of long-term operation of the en-
gine and the exhaust aftertreatment systems, because over
time their wear will adversely affect the engine’s ecological
indicators.

Numerous studies have shown that emissions in real op-
erating conditions are significantly different from those
obtained under laboratory conditions when using type ap-
proval tests (this is described in more detail in the introduc-
tion). Therefore, the research done in this article is the basis
for further research by the authors, which will be focused
on measurements of engine operating parameters and emis-
sions in real driving conditions. The measurements will be
made on the same test vehicle using the same measuring
apparatus, in order to enable a reliable comparison of the
obtained results. The development of measurement tech-
nology for the emission of toxic and harmful components
(lower weight and dimensions of the exhaust gas analyzers,
and the ability to measure gaseous compounds and particu-
lates using only one device) makes it possible to test even
two-wheeled vehicles in real operating conditions. Such
research is new, both on a national and global scale.
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Optical analysis of the gas flame development in a RCM using a high-power
ignition system

The combustion process quality is determined by several factors: the composition of the fuel-air mixture in the vicinity of the spark
plug and the discharge conditions on the spark plug. This article assesses a high-power ignition system using optical gas flame propaga-
tion analyzes. The tests were carried out in a rapid compression machine, using a fast camera for filming. The spark plug discharge
quality assessment was determined indirectly by the flame propagation conditions after the ignition of the mixture (during methane
combustion). The size of the flame surface and the rate of its change were assumed as a comparative criterion. It has been found that
when using an ignition system with high discharge power the rate of flame development is 14% higher with respect to conventional
ignition systems. In addition, the shorter development time of the early flame phase after discharge when using the new ignition system
was confirmed. Based on the obtained test results and analyzes, modifications of engine operation settings were indicated, resulting from

the use of a high discharge power system.

Key words: spark ignition, plasma ignition, optical tests, combustion process diagnostics, ignition systems

1. Introduction

The combustion process in a conventional spark-
ignition engine is triggered by the external thermal energy
generated by the electric arc. Its value and the nature of the
transfer of this energy have a fundamental impact on the
development of the flame front, and thus on the combustion
process parameters (flame development speed, heat release
rate, combustion efficiency) and the ability of the mixture
to ignite.

There are solutions in the form of an increased number
of spark plugs in the combustion chamber (Twin Spark
engine or DTSI system — Digital Twin Spark Ignition) to
increase the ignition energy and multiply the number of
ignition points in the combustion chamber volume. Thanks
to these solutions, it is possible to shorten the duration of
combustion to a minimum [3, 6]. The disadvantage of this
type of ignition systems is the necessity to use a minimum
of two spark plugs, which is not always possible due to the
space restrictions in the engine head. In addition, such sys-
tems have a greater risk of failure.

An alternative method of initiating the ignition using
a spark plug discharge is a laser system. It is characterized
by the multiple times greater energy supplied and has the
capacity of focusing it in a central point of the combustion
chamber [9]. In addition, it is possible to ignite the mixture
in several points at the same time using one "spark plug".
Unfortunately, this system is limited by the large laser costs
and the need for frequent repair of optical elements. This
results in it being used only in laboratory conditions and
prototype engines.

Camilli et al. [2] pointed out the possibility of non-
invasive modification of a conventional ignition system
using a capacitor system to increase the efficiency of the
mixture combustion process. Improved engine performance
indicators in the form of specific fuel consumption, power,
CO, and NOy emissions, as well as the repeatability of the
engine operation cycles. Such a modernized system, in
combination with a low-resistance spark plug, allows in-
creasing the efficiency of energy transfer from 1% with

a standard solution up to 50% using a system with a larger
electrical capacity [7].

The use of capacitors contributes to the increase of the
peak current in the breakdown phase reaching a value of up
to 1000 A for 5 ns. At the same time, the power released in
the system reaches up to 5 MW. A conventional ignition
system, with the same engine operating conditions, reaches
a value of up to 100 mA, producing 0.125 W of power [8].

Jacobs et al. [4] in collaboration with a certified AVL
research center used optical analysis to demonstrate that
using a spark plug with increased peak power improves
ignition initiation and flame development, resulting in fast-
er combustion of the mixture compared to a conventional
spark plug. This is explained by the formation of a large
volume plasma between the spark plug electrodes in the
first breakdown phase [10].

2. Aim of research

Optical flame development analysis using the ignition
systems with a large, impulse delivered maximum power, is
limited in the modern literature only to the initial phase of
mixture ignition. In addition, it mainly concerns engines
powered by a stoichiometric gasoline-air mixture. The
current state of knowledge does not allow an unambiguous
assessment of the flame development during the combus-
tion of gas mixtures.

The authors of this article proposed the assessment and
comparative optical analysis of flame development during
the combustion of a stoichiometric mixture of natural gas
and air using a conventional ignition system and a system
with an increased electrical capacity.

The analysis of the results of such tests will allow to
supplement the current state of knowledge with information
on the high power maximum ignition system. These works
can significantly contribute to improving the combustion
process control, and thus obtaining more favorable opera-
tional and emission indicators for the operation of spark-
ignition engines fueled with natural gas.
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3. Research method

3.1. Test object

Experimental research was performed on a rapid com-
pression machine (RCM) that performs a piston cycle of an
internal combustion engine at defined thermodynamic con-
ditions. The choice of the test object was dictated by the
possibility of full optical access to the combustion chamber
(Fig. 1). The RCM technical parameters are shown in
Table 1.

Fig. 1. Diagram of the RCM setup [5]

Table 1. Characteristics of a rapid compression machine

Parameter Unit Value
Bore x stroke mm 80 x 90
Compression ratio - 14.7
Simulated engine speed rpm up to 500

Ignition system - spark ignition

Valves system - electromagnetic

direct gas-injection

Fuel system B (electromagnetic injector)

Air system — naturally aspirated

The air supply system for the piston enables obtaining
the average piston rod linear speed corresponding to the
average linear velocity of the piston of the internal combus-
tion engine (at its rotational speed of 500 rpm). Compressed
air is supplied to the chamber under the piston rod, which
expands the piston rod towards the combustion chamber.
The solenoid valves used for controlling the air inlet and
exhaust gas outlet in the RCM combustion chamber ensure
the required reaction time. The special design of the piston
rod in conjunction with a mirror and a transparent piston
crown (quartz glass) allows the phenomena occurring in the
combustion chamber to be observed.

The natural gas-air mixture is prepared using direct injec-
tion with Bosch injectors. It is ignited by a spark plug
placed centrally in the combustion chamber. The ignition
controller (produced by Mechatronics Kedzia) enables
setting the ignition advance angle and the energy discharge
value with the specified charging time of the coil. A high-
voltage ceramic capacitor connected in parallel was used to
execute the high-power ignition (Fig. 2). The order of de-
vices activating along with the time of their activation is

controlled by the microcontroller (sequencer) with the trig-
ger uncertainty equal to 1 ns.

ceramic
capacitor

t ; control system

I 1

OO In
= =

Fig. 2. Setup diagram of a high power ignition system

3.2. Measurement apparatus

To determine the phenomena occurring in the combus-
tion chamber and to compare the ignition systems used, an
engine indication system, necessary sensors and a camera
for fast filming were used.

A LaVision camera model HSS5 that allows recording
images at a maximum frequency of 250,000 Hz was used.
The monochrome CMOS sensor used allows to record
images at a maximum resolution of 1024 x 1024 pixels.
The tests used a 5 kHz filming speed with an image size of
1024 x 624 pixels (the active filming area was 510 x 510
pixels). The camera was controlled by an external computer
with the manufacturer's software (DaVis 7.2) allowing
advanced image processing.

A piezoelectric AVL GH14D pressure sensor with
a measuring range of 0-250 bar was used to record pressure
in the RCM combustion chamber. The linear position of the
RCM piston was determined using the Megatron LSR 150
ST R5k linear potentiometer. The charging current of the
primary ignition coil as well as the discharge voltage on the
spark plug was measured using the current clamp (Pico
Technology) and the high voltage probe (Chauvin Arnoux
SHT40kV), respectively. The above signals were recorded
using the induction system — AVL IndiCom with data ac-
quisition software — AVL Concerto.

3.3. Test conditions

A comparison of the proposed methods of spark igni-
tion, i.e. a conventional solution and a high-power ignition
required the adoption of a comparative criterion. Thus, the
area of the flame in relation to the combustion chamber
volume was taken as an indicator. The second indicator
used was the flame surface increase rate over time. Due to
the method of obtaining research data (access to the com-
bustion chamber from the bottom of the piston — Fig. 1), the
flame area is understood as a flat exposure of the image (in
contrast to the spatial distribution of the flame in the com-
bustion chamber). Image analysis was performed with 15
repetitions of the combustion process carried out by a rapid
compression machine for both ignition systems.

The stoichiometric fuel mixture in the cylinder was de-
termined based on the previously performed characteristics
of the injector fuel outflow and the total volume of the
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RCM chamber. Before the next cycle, the volume of the
cylinder was flushed with fresh air to remove the remaining
exhaust gases. The injected gas dose was kept at g, = 32
mg. The obtained average linear velocity corresponded to
the average linear velocity of the piston of an internal com-
bustion engine with the rotational speed equal to n = 360
rpm.
The maximum charging current of the primary winding
of the ignition coil (Iyax av) Was 7 A, which resulted in an
average maximum voltage on the secondary winding (U av)
of 4.3 kV (where the distance between electrodes was d =
0.4 mm). The discharge on the spark plug was on average
10 ms before TDC (t,,). The remaining test conditions are
shown in Table 2.

Table 2. Test conditions

. . Lo high discharge energy
Ignition type conventional ignition ignition
Ny [rpm] 360
o [Ma] 32
Imax St [A] 7
Unax &r [KV] 46 3.9
t, [ms before TDC] 10.6 9.6
C [pF] 0 480
R[kQ] 1.6
d [mm] 0.4
camera f=5kHz
1024 x 624 px

4. Data selection criteria

Initial analysis of indicated data, in the form of indicat-
ed pressure, showed a high non-repeatability of the RCM
work cycles. The issue of the non-repeatability of RCM's
work is presented in [1]. The reasons for such operating
conditions of RCM are seen in the injection system (injec-
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tion of gas into the combustion chamber) and the nature of
fuel injection.

Further analysis of the cylinder pressure characteristics
and the piston position allowed to determine the linear
velocity, which was characterized by a very low repeatabil-
ity between cycles. This was probably due to the instability
of the air pressure supplied to the chamber under the piston
rod, the limited air tightness of this chamber and the sole-
noid valves. The linear velocity of the piston, different for
each cycle, contributed to the differentiation in the moment
of ignition, which was performed as a function of time
alone. In addition, each ignition was carried out under dif-
ferent thermodynamic conditions (pressure, temperature)
due to different piston positions.

In the next stage of research work, a criterion allowing
the elimination of incorrect cycles was adopted. The criteri-
on was the standard deviation of pressure to the time when
the combustion took place so that the thermodynamic con-
ditions during the discharge were similar.

Standard deviation values for conventional and high-
power ignition were 1.61 and 1.21 bar, respectively (Fig.
3). The pressure characteristics were considered abnormal
if their absolute value exceeded the average pressure set for
all cycles by 1.21 bar (standard deviation value for high
power ignition — see the three-sigma rule). As a result of
such criterion, 6 out of 15 cycles for each ignition system
were eliminated as unreliable. Standard deviation pressure
value for the remaining operating cycles was 0.57 for con-
ventional ignition and 0.83 for ignition with a high maxi-
mum discharge power. Differences between mean values of
pressure at the moment of ignition for both solutions in-
cluding selected cycles did not exceed 8%.
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Fig. 3. Sequences of indicated pressure P_cyl (black), mean value (red) and standard deviation (blue) for the compression curve using conventional igni-
tion. On the left before the selection, on the right after the exclusion of incorrect RCM work cycles; the characteristic peak on the pressure curve was
caused by interferences from the ignition system (t = 0 ms)

5. Optical analysis algorithms

Pictures taken using the HSS5 camera included more
than 140 ms of the RCM work cycle at 5000 fps. Such
a long recording time resulted from the uncertainty of the
moment of ignition. In order to achieve the desired results,
further processing of the photos was necessary. For this

purpose, the camera manufacturer software LaVision —
DaVis 7.2 was used. The algorithm for optical analysis is
shown in Fig. 4.

In the first stage, the number of photos was limited to
the minimum value, containing only the necessary infor-
mation. The analysis was limited to approximately 300
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consecutive images. Then, the background was subtracted
(the so-called reference image — a black frame). This pro-
cedure was used to eliminate noises and reflections on other
pictures.

In the next stage, a mask was used to limit the analyzed
area. The circle-shaped mask was the same size as the com-
bustion chamber and insulated the remaining area outside
the chamber (the bottom of the piston, cylinder walls).

The last stage of the analysis was to calculate the flame
area in the RCM combustion chamber. A program was
written in the internal language of the DaVis software by
the article authors. For its operation it was necessary to:

1) determine the minimum luminance value attributed to
the analyzed pixel (above the given luminance value the
pixel was treated as the flame surface);

2) determine the cylinder diameter expressed in pixels.

Images showing the beginning of an electric discharge
with different discharge powers are shown in Fig. 5.

The image sequences processed using the algorithm
shown in Figure 4 are depicted in Fig. 6.

The obtained values of the flame surface and their anal-

ysis are presented in Chapter 6.

Range selection

Min pixel value

\ 4

Difference to first Max pixel
image value
v
Applying the Cylinder
mask diameter

\ 4

Calculation of the

<
<
surface area <

Fig. 4. Optical analysis algorithm using DaVis 7.2

Conventional ignition

t aSOl [us] 0 200 400 600 800
t aSOl [us] 1000
High discharge power ignition
t aSOl [us] 0 200 400
taSOl [us] 1000 1200 1400
Fig. 5. Images of the ignition phase start (f = 5 kHz, the first image represents SOI — start of ignition)
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Fig. 6. Selected images of the combustion process using conventional ignition and high discharge power ignition (f = 5 kHz, the first image represents SOI

— start of ignition)
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6. Results

The flame area values in the RCM combustion chamber
were determined as a result of image analysis using the
DaVis software. The specific nature of the optical access to
the combustion chamber and the software application of
image masking made it possible to analyze over 1800 mm?
of the filmed combustion chamber area. The results of ana-
lyzes of all selected cycles along with the standard devia-
tion value are shown in Fig. 7. The moment of the electric
discharge between the spark plugs was taken as the point
where time = 0.

Standard deviation values of the surface area in the
flame development phase (up to 10 ms) and in the decay
phase (from 25 ms) for conventional ignition exceed the
values of this deviation when using a high-capacity igni-
tion. Alternative ignition is characterized by greater stabil-
ity and process repeatability, which is probably due to the
higher value of current flowing in the breakdown phase, in
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which the ignition is initiated. In the case of a conventional
solution, the ignition may be initiated at random during one
of three stages of ignition: breakdown, arc or glow. In addi-
tion, a shorter time gap is observed between breakdown
point and the development of the flame (Fig. 8) with a mix-
ture ignited with high power ignition. The greater flame
surface area value in the combustion chamber using con-
ventional ignition in the first period after the start of the
process (up to 2 ms) result from the constraints of the creat-
ed program. The high luminance value attributed to the
pixels at the time of the electric breakdown was treated as
the flame surface. Although, in reality the higher brightness
(luminance of pixels) was caused by the visible light emit-
ted by the electric arc. Nevertheless, on Fig. 8, it is possible
to notice a greater emission of visible light during a stand-
ard ignition, which causes additional energy losses in the
system.
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Fig. 7. Flame surface area as a function of time (solid line) and its standard deviation (dashed line); on the left — conventional ignition, on the right — high-
power ignition
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Fig. 8. Flame surface area as a function of time (solid line) and its standard deviation (dashed line) for the early stage of flame development; on the left -
conventional ignition, on the right - high-power ignition
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The mean values of the flame surface area and the time
derivative of this field inform indirectly about the flame
development rate. The results of these analyzes are present-
ed in Fig. 9. From the mean value analyzes it was found,
that the flame presence duration in the combustion chamber
for high-power ignition was reduced by about 20% in rela-
tion to the conventional ignition. In addition, the maximum
flame velocity, expressed as a derivative of the surface area
of the flame, was found to be 14% higher. These values
indicate the possibility of increasing the thermal efficiency
of the engine using a high-power ignition.
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The analysis of the initial flame development phase in
a short time after the electric breakdown allowed to deter-
mine the average time delay from the electric breakdown to
the moment when the flame front begins developing. This
time was approximately 2 ms for standard ignition and 1.5
ms for high-power ignition. These values are directly refer-
enced in the voltage values on the secondary winding of the
ignition coil, where the voltage value after this time drops
to zero, thus ending the glow stage in the discharge process.
With regard to the second solution, its use in an internal
combustion engine may require correction of the ignition
advance angle.

200

1000

/]

I 520

high power

180

160

140 |4 d

Ld
280
" P Pad
n - P - m——
120 % LA rd // 40
-200
80 // -440
60 | -680
/
40 Av/\
20 / \

0 T T T T T T T -1400
[¢] 0.5 1 15 2 25 3 3.5 4

t [ms]

100

A [mm?]
dA/dt [mm?/ms]

-920

-1160

Fig. 9. Average flame area in the combustion chamber as a function of time (solid line) and its derivative (dashed line) for the entire combustion process
(left), and early stage of flame development (right)

7. Conclusions
The analysis presented in the article concerned the opti-

cal evaluation of flame development using two ignition

methods: conventional and high discharge power, when
burning gaseous fuel (methane) using a stoichiometric
mixture.

Based on the specific comparative criteria, which were:
the flame surface area and its rate of change, the following
conclusions were formulated for ignition systems (classical
and high ignition power):

1. Based on the mean values analysis of the flame surface
averaged over many cycles, the flame duration in the
combustion chamber was found to be reduced by about
20% when using high-power ignition relative to the
conventional ignition.

2. The maximum flame velocity expressed as a derivative
of the surface area of the flame was determined to be
approximately 14% greater.

3. During the analysis of the initial flame development
phase, the average time delay between the electric
breakdown and the development of the flame front was
determined (the value of the secondary voltage in the
system was used as a confirmation). This time was ap-
proximately 2 ms for standard ignition and 1.5 ms for
high-power ignition.

The values indicated above show the possibility of in-
creasing the thermal efficiency of the engine with the use of

a high-capacity ignition.

The research presented in the article was conducted as part of the
statutory work no 05/52/DSPB/0261.

Nomenclature

A flame area

f frequency

RCM rapid compression machine
P_cyl cylinder indicating pressure
c standard deviation

t time

SOl  start of ignition

U voltage

| current

Qo fuel dose

n engine speed

TDC top dead centre
DTSI Digital Twin Spark Ignition
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Analysis of wind impact on emission of selected exhaust compounds in jet engines
of a business jet aircraft in cruise phase

Among the most important problems currently faced by air transport, we can distinguish the adverse impact of aircrafts on the natu-
ral environment, as well as the rising costs of transport. One of the possibilities to improve this situation is better adjustment of aircraft
characteristics to the performed transport tasks, taking into account all the requirements and limitations that exist in air traffic and the
adverse impact of air transport on the natural environment. It is reflected in the research tasks conducted under the SESAR program.
The aspiration to minimize the adverse impact of aircrafts on the environment is executed, among others, through determining such
trajectories that are characterized by minimal fuel consumption or minimal emission of harmful substances in the engines exhausts.
These goals are corresponding with the research conducted and described in the paper. The main aim of the work was to analyse the
impact of wind speed and direction on the emission of harmful substances of a jet aircraft performing a flight on a given route. For
research purposes, the route between two Polish cities Gdansk and Rzeszow was considered. The distance between the two airports was
divided into sections for which wind direction and strength were determined (read from the windy.com website). Next, the aircraft per-
formance was determined and the fuel consumption and the amount of harmful compounds (CO,, NO,, CO and HC), emitted in the en-
gines exhausts were determined for the route from Gdansk to Rzeszow (under favourable wind conditions) and on the return route — from
Rzeszow to Gdansk (under unfavourable wind conditions). For comparative purposes, emission of these substances for windless condi-
tions was also determined. The results are presented in tables and depicted in the graph, as well as discussed in the conclusions of the

paper.

Key words: jet engine, emission, exhausts, fuel consumption, cruise phase, ATM, SESAR

1. Introduction

As a result of the intensive development of air transport,
there is observed a continuous increase in emissions of
harmful substances in jet engines exhausts, influencing the
air quality and deepening the greenhouse effect, which in
turn leads to irreversible global climate change. In 1988
there was established the Intergovernmental Panel on Cli-
mate Change (IPCC) to monitor negative climate changes
resulting from the economic activities [1, 8].

According to the IPCC reports, if preventive measures
are not taken, the temperature in the current century will
increase more than in the last 10,000 years, which in turn
will affect the entire ecosystem. To increase environmental
protection, the United Nations Framework Convention on
Climate Change (UNFCCC) was adopted, under which the
Kyoto Protocol was signed. This is the most important
agreement in the field of climate protection, the objective of
which is to reduce greenhouse gas emissions through pro-
ecological activities undertaken mainly in highly developed
countries. The European Union is a party to the Kyoto
Protocol with the main objective of reducing emissions in
all the EU countries (reduction of greenhouse gas emissions
by 8% compared to 1990 levels), and individual emission
targets for each EU Member State. The basis of the EU
climate policy is the European Climate Change Program
(ECCP), initiated in 2000, which is a combination of volun-
tary activities, good practices, market mechanisms and
information programs.

The activities aimed at reducing the negative impact of
air transport and aviation industry on the environment
match the above goals. They are reflected in two largest
aviation programs implemented by the European Union.

The first one is SESAR 2020 [12], which is a continuation
of the SESAR program, while the second one is the Clean
Sky 2 [3], which is a continuation of the Clean Sky pro-
gram. The SESAR 2020 program focuses on searching for
new solutions in the field of Air Traffic Control (ATC) and
Air Traffic Management (ATM). It is assumed that the
solutions developed under this program will lead to a ten-
fold increase in the level of safety, a triple increase in air-
space capacity, a 50% reduction in air traffic management
costs and a 10% reduction in the negative impact of air
transport on the natural environment. The Clean Sky 2
program focuses on developing new technical and techno-
logical solutions that are more environmentally friendly
(new aircraft, new power units and on-board systems, etc.).

One of the ways to reduce the negative impact of air-
craft on the natural environment is the appropriate shaping
of flight paths to minimize the emission of harmful sub-
stances. This requires proper flight planning, taking into
account the limitations resulting from the airspace structure
and applicable regulations, as well as the current weather
conditions. The weather is one of the most important fac-
tors affecting the fuel consumption, flight time and costs.
The algorithm determining the fuel consumption, flight
time and finally aircraft emission, at the stage of flight
planning should be based on the best weather forecasts.
This will enable to minimize uncertainty of the parameters
and optimize the flight path taking into account the most
favourable conditions for a given flight. In addition to typi-
cal parameters, such as pressure and air density, special
attention must be paid to the correct determination of the
temperature, speed and wind direction. The speed of sound
depends on the temperature, which allows to determine
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correctly the Mach number for an aircraft flying at a given
true airspeed (TAS). The wind speed and direction influ-
ence the aircraft groundspeed (VOG).

Planning a flight that minimizes emissions or fuel con-
sumption is a difficult and demanding task, due to the com-
plexity of the conditions that have to be taken into account
(airspace structure, restrictions, location of prohibited
zones, traffic conditions and weather forecast). It can be
done only with the use of an appropriate computing system.
The flight planning system must include appropriate com-
puting models: aircraft, airspace, flight path, air traffic and
weather [9]. In addition, it must have access to current
weather conditions and information on current and planned
air traffic and the airspace structure. All these elements will
be used by the appropriate computation algorithm, which
will be able to determine the optimal flight profile for
a given criterion (cost, fuel consumption, emission of harm-
ful compounds in the exhausts, etc.), taking into account the
current flight conditions and existing restrictions and
boundaries.

The development of a flight planning algorithm for dif-
ferent flight modes, i.e. on fixed routes or in FRA (Free
Route Airspace), is one of the research and development
tasks performed by the authors of the paper under the
SESAR 2020 program. One of the optimization criterion is
the emission of harmful compounds in the exhausts.

In the process of developing computational models that
will determine the optimal aircraft’s trajectory, it is very
important to know how sensitive is the solution to the
change of the optimization parameters or the change of
external parameters. Based on this information, it will be
possible to select the parameters of the used models, which
will allow to obtain results with satisfactory accuracy, with
the lowest calculation costs. It will also enable to determine
appropriate weights at the edges of the graph modelling the
airspace, appropriate for the implementation of the assumed
task objectives. The purpose of the presented work is to
determine the impact of wind speed and direction on the
emission of harmful compounds in the aircrafts engines on
a fixed route. It will enable to determine an aircraft trajecto-
ry in terms of the minimization of emissions resulting from
fuel combustion by a jet aircraft’s engines and determine
the sensitivity of the solution to the impact of external con-
ditions.

2. Problem statement and research methodology
This paper describes the impact of wind on the emis-
sions of pollutants in the exhausts of a passenger aircraft,
on the example of a business jet aircraft (Gulfstream IV,
equipped with two Rolls Royce Tay 611C engines) on the
exemplary route. The presented research methodology is
universal and can be applied to any other jet aircraft — pas-
senger and transport one. The research was focused only on
the cruise phase, because it is usually the longest part of the
journey. For most commercial passenger aircrafts, most of
the fuel is consumed in this phase of flight. It takes place
between the stages of ascent and descent. It ends when the
plane approaches the destination, and the descent phase
begins, and the plane prepares to land. During a cruise
phase, for operational reasons or due to Air Traffic Control
(ATC) instructions, planes can change a given flight level —

they can climb to a higher level or descent to a lower one.
During very long flights, planes are able to fly higher when
the value of the thrust required for flight decreases, which
results from the decreasing weight of the aircraft along with
the decreasing weight of fuel consumed during the flight.
Usually, pilots ask ATC to allow them to fly at the opti-
mum flight level for the aircraft they operate. This optimal
level of flight depends, for example, on the type of aircraft,
its operating mass and flight length. ATC generally accepts
this request if it does not compromise safety.

In the research there was adopted an exemplary mission
of the aircraft on the route between two Polish cities —
Gdansk and Rzeszow, for which the cruise phase was 384
km long. In this phase, the cruising speed was assumed to
be 0.8 Ma at the altitude of 10,000 m, as shown in Fig. 1.

— ALTITUDE GREAT CIRCLE DISTANCE: 533 km
Gdansk (GDN) - AVERAGE FLIGHT TIME: 60 min

Rzeszow (RZE)

800 km/h

— SPEED
16 000 m

12000 m 700 km/h

8 000 m 500 km/h
4000 m 300 km/h

om 100 km/h
0:05 0:10 0:15 0:20 0:25 0:30 0:35 0:40 0:45 0:50 0:55

Fig. 1. Trajectory of Gulfstream IV, equipped with two Rolls Royce Tay
611C engines (based on [5])

Assuming no wind conditions, the aircraft reaches
a cruising altitude of 10,000 m 15 minutes after the take-off
and a relatively constant speed of 0.8 Ma (about 860 km/h).
It descends for the last 18 minutes of the flight. In the ana-
lysed case, the research on NO,, HC, CO and CO, emission
concerns 27 minutes of a steady flight (from 15th to 42nd
minute of the flight), which corresponds to the flight trajecto-
ry of 384 km. However, in the research it was important to
study the impact of wind on emission, so the time of flight on
the route shown in Fig. 1 will change (shorten or lengthen).

On the basis of real meteorological data obtained via
windy.com, the wind distribution on the considered route
was analysed on the altitude from 10,000 m, taking into
account its direction and velocity. The distance covered by
the aircraft in the cruise phase was divided into 16 sections
of the length of 24 km each, as shown in Fig. 2.
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Fig. 2. Map of meteorological conditions (wind direction and velocity) at
the time of conducted research on the trajectory of Gulfstream between
Gdansk and Rzeszow at the altitude of 10,000 m (based on [10])
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Based on meteorological data, for each of these sections
the wind velocity and its direction in relation to the flight
trajectory were determined. The component of wind veloci-
ty V,, affecting the velocity of the aircraft's flight over
ground VOG was also determined (Fig. 3).

Depending on the wind direction (from the head or the
tail of the aircraft), the component of the wind velocity V
will be added or subtracted from the velocity vector of the
aircraft. By dividing the obtained value by the length of the
route that the aircraft covered in the cruise phase, the flight
time is computed, which is required to determine the emis-
sion of pollutants in the exhausts.

Fig. 3. Distribution of a wind vector Vying 0n Vy and Vy components
Vi = Vivind * €OS Qyying 1)

where: V, — axial component of wind velocity, V,,inq — Wind
velocity, ainq — angle between the velocity of the aircraft
and the direction of the wind,

Vo = Vaigne T Vx 2

where: Vo — velocity of the aircraft over ground, Vgighe —
velocity of the aircraft relative to air,

L

t=— 3)

Voc

where: t — flight time of the aircraft in the cruise phase, L —
distance covered by the plane in the cruise phase.

3. Analysis of the results of conducted research

The purpose of many studies and projects aimed at in-
creasing the efficiency of using air transport is to optimize
the trajectory of the flight.

The flight path is implemented through fragments of the
airspace. The optimal trajectory will run through fragments
of space with the best parameters defined for the flight
being performed. In this work, the focus will be on optimiz-
ing the trajectory of the flight in terms of minimizing emis-
sions of pollutants in the jet engines exhausts. The ambient
conditions in particular fragments of the airspace were
taken into account (wind velocity and wind directions at
different flight levels). The results of these computations
are given in Table 1.

Table 1. Data on the wind speed and its wind direction relative to the
trajectory of the flight

Section number Vuing [M/S] a[°]
1 16 25
2 16 30
3 16 20
4 16 5
5 20 10
6 20 10
7 20 20
8 20 30
9 20 20
10 18 20
11 18 20
12 16 20
13 16 30
14 18 35
15 15 35
16 12 35

To perform a flight at a given altitude at a given veloci-
ty, a given thrust is required. This thrust can be determined
using the following formulas (4)—(6). For the given flight
parameters (altitude and flight speed) and aircraft parame-
ters (mass, weight and lifting surface), the drag and lift
coefficients can be assigned. With these coefficients (C,
and C,), it is possible to determine the power and thrust
required for the flight [5]:

No=gQV )
Np
Pa=3 5)

where: N, — power required for the flight, P, — thrust re-
quired for the flight, C, — drag coefficient, C, — lift coeffi-
cient (depend on mass and velocity airplane), V — flight
velocity, Q — airplane weight determined from the formula:

Q=m-g (6)
where: m — mass of the plane, g — acceleration of gravity.

For the computed value of thrust required for the flight
there ca be read the appropriate value of the engine thrust
from the altitude-speed characteristics to ensure safe flight
parameters and also the specific fuel consumption corre-
sponding to that thrust value. Based on available data bases,
e.g. [6], for this value of the thrust, it is possible then to
determine the CO,, NO,, HC, CO emission indexes (EI),
which constitutes the first step in further computations of
emissions of these compounds in jet engines exhausts.
Emission indexes depend on the design of the engine, its
load and the flight altitude. Knowing the emission indexes,
it is possible to determine the emission of CO, NO, and HC
on a given section of the aircraft’s cruise phase. For this
reason the formulas (7)—(9) can be applied [11].

ENOX = EINOX " 10_3 K-SFC-t-1 [kg] (7)

where: Eynox/Eco/Enc — emission of particular compounds
in exhausts [kg], Elyox/Elco/Elgc — emission factors for
particular substances, depended on the type of engine and
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the range of its run [g/kg], K — engine thrust [N], SFC —
specific fuel consumption [kg/(N-h)], t — engine run time at
a given thrust [h], | — number of engines.

Emission of CO, depends only on fuel consumption. The
formula of the carbon dioxide emission is as follows [11]:

Eco, = 3.15-K-SFC-t-1 [kg] (10)

The emission of NO,, CO, HC and CO, in the exhausts
of Gulfstream IV in each section of the cruise phase of the
journey from Gdansk to Rzeszow for the assumed flight
conditions is presented in Table 2.

Table 2. Emission of NOy, CO, HC and CO;, in the exhausts of Gulfstream
IV in each section of the flight from Gdansk to Rzeszow with the time

gases on the return journey (i.e. at the unfavourable wind
component vector in this case).

For reference purposes, the results presented in Table 4
were obtained for unreal no wind conditions at the altitude
of 10 km.

Table 4. Emission of NOy, CO, HC and CO; in the exhausts of Gulfstream
1V in each section of the flight from Gdansk to Rzeszow with the time
given assuming no wind NO WIND

Section | Time Enox Eco Enc Ecoz

number | [min] [kg] [kg] [kg] [kg]
1 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
2 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
3 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
4 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
5 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
6 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
7 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
8 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
9 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
10 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
11 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
12 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
13 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
14 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
15 1.7 | 1.67884473 |0.112403379 | 0.014450869 | 154.0832252
16 1.7 | 1.67884473 |0.112403379| 0.014450869 | 154.0832252
Total | 27 [26.86151569|1.798454061 | 0.231213903 | 2465.331603

given
Section Time Enox Eco Enc Ecoz
number [min] [kg] [kg] [kg] [kg]
1 1.574637905 | 1.582999 | 0.105986 |0.013626 | 145.2866
2 1.578639338 | 1.587022 | 0.106256 |0.013660 | 145.6558
3 1571337020 | 1.579681 | 0.105764 |0.013597 | 144.9820
4 1565781952 | 1.574096 | 0.105390 |0.013549 | 144.4695
5 1.543086659 | 1.551280 | 0.103863 |0.013353| 142.3755
6 1.543086659 | 1.551280 | 0.103863 |0.013353| 142.3755
7 1.548471227 | 1556694 | 0.104225 |0.013399 | 142.8723
8 1557344963 | 1.565614 | 0.104822 |0.013476| 143.6910
9 1.548471227 | 1556694 | 0.104225 |0.013399 | 142.8723
10 | 1.559820329 | 1.568103 | 0.104989 |0.013498| 143.9194
11 1.559820329 | 1.568103 | 0.104989 |0.013498 | 143.9194
12 1.571337020 | 1.579681 | 0.105764 |0.013597 | 144.9820
13 | 1578639338 | 1.587022 | 0.106256 |0.013660| 145.6558
14 1573117508 | 1.581471 | 0.105884 |0.013613| 145.1463
15 | 1588472899 | 1.596908 | 0.106917 |0.013746| 146.5631
16 1.604131018 | 1.612649 | 0.107971 |0.013881| 148.0078
Total | 25.06619539 | 25.1993 1.687164 |0.216906 | 2312.774

Table 3. Emission of NOy, CO, HC and CO; in the exhausts of Gulfstream
IV in each section of the flight from Rzeszow to Gdansk with the time

given
Section Time Enox Eco Enc Ecoz
number|  [min] [kg] [kg] [kg] [kg]
1 1.777605428 | 1.787045 | 0.119648 |0.015382| 164.0137
2 1.772533398 | 1.781946 | 0.119306 [0.015338 | 163.5457
3 1.781830968 | 1.791292 | 0.119932 [0.015419| 164.4036
4 1.789028314 | 1.798528 | 0.120417 |0.015481| 165.0677
5 1.819606298 | 1.829268 | 0.122475 [0.015746| 167.8890
6 1.819606298 | 1.829268 | 0.122475 [0.015746| 167.8890
7 1.812175506 | 1.821798 | 0.121975 [0.015681| 167.2034
8 1.800171323 | 1.809730 | 0.121167 [0.015577 | 166.0958
9 1.812175506 | 1.821798 | 0.121975 |0.015681 | 167.2034
10 1.796875136 | 1.806417 | 0.120945 |[0.015549| 165.7917
11 1.796875136 | 1.806417 | 0.120945 |0.015549 | 165.7917
12 1.781830968 | 1.791292 | 0.119932 [0.015419| 164.4036
13 | 1.772533398 | 1.781946 | 0.119306 |0.015338 | 163.5457
14 | 1.779547029 | 1.788996 | 0.119778 |0.015399 | 164.1929
15 1.760297703 | 1.769645 | 0.118483 [0.015232| 162.4168
16 1.74146036 | 1.750708 | 0.117215 |0.015069| 160.6787
Total |28.61415277 | 28.76609 | 1.925971 |0.247608 | 2640.132

For comparative purposes, assuming identical external
conditions, in Table 3 there are presented the obtained re-
sults of the amount of pollutants emitted in the exhaust

4. Conclusions

The aim of the conducted research is to determine the
impact of wind on fuel consumption by a passenger jet
aircraft during the cruise phase and on emission of pollu-
tants in its engines exhausts. For that purpose, there was
assumed a journey between two cities Gdansk and Rzeszow
covered by a business jet Gulfstream IV with the velocity
of 0.8 Ma at the altitude of 10,000 m.

Based on available real meteorological data, it was pos-
sible to take into account the external conditions at the
altitude of 10 km — the wind speed and its direction in rela-
tion to the trajectory of the aircraft.

For comparative purposes, to see to what extend the
emission of the analysed pollutants is wind dependent, there
were considered three scenarios:

. journey from Gdansk to Rzeszow at the meteorolog-
ical parameters read from the map presented in Fig. 2;

Il.  journey from Rzeszow to Gdansk at the meteorolog-
ical parameters read from the map presented in Fig. 2;
IIl.  journey from Gdansk to Rzeszow at no wind condi-
tions — just to obtain reference results.

The analysis carried out for those scenarios led to the

following observations:
1) In general, the higher the headwinds speed, the longer
the journey (duration of the flight), and thus the higher the
NO,, CO, HC and CO, emission values. In the case of tail-
wind (pushing) winds, the situation is reversed. In the ana-
lysed case, the journey from Gdansk to Rzeszow in cruise
phase lasted for 25 minutes (Table 2), whereas from
Rzeszow to Gdansk — for 29 minutes (Table 3). Such
a journey in reference conditions (no wind) would last for
27 minutes (Table 4).
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2) The total emission on a given trajectory is strongly wind
dependent:

» In case of the journey from Gdansk to Rzeszow
(with favourable winds), the total emission of;
NO, was 25.1993 kg,
CO was 1.687164 kg,
HC was 0.216906 kg,
CO, was 2312.774 kg.

= However, on the return trip — from Rzeszow to
Gdansk (upwind), the total emission of:
NO, was 28.76609 kg,
CO was 1.925971 kg,
HC was 0.247608 kg,
CO, was 2640.132 kg.

= |t means that on the analysed route of 384 km the
difference in those emissions depending on the direction of
wind impact on the aircraft (Vy), in case of:
NO, was 3.6 kg,
CO was 0.3 kg,
HC was 0.03 kg,

— CO, was 327.36 kg.

= The difference in CO, emissions results from the
fact that on the return journey the aircraft consumed about
100 kg of fuel more, assuming identical meteorological
conditions.

= It can also be noticed an increase in the emission of
other pollutants. This results from different emission index-
es depended from the engine's operating range (when the
engine is running at high load, the EINO, emission index is
high whereas the EICO and EIHC emission indexes are
low).

= It is also worth noting that the percentage differ-
ences in emission of all these pollutants in the case of a
tailwind flight vs. headwind flight are similar (about 15%),
however, mass differences are significant (e.g. the amount
of CO, emitted compared to the amount of HC emitted).
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Another observation is that in the case of a flight with
favourable winds, the total emission is lower compared to
the windless variant. In the case of unfavourable winds,
which is logical, this emission is higher. It is worth noting
that the differences on these ‘plus’ and ‘minus’ emissions
are not the same (although the wind adopted for analysis
has the same value in a given route section but interacts
on the aircraft in the opposite direction in relation to its
trajectory). These observations are shown in Table 5 and
Fig. 4.

Table 5. Total emission of NOy, CO, HC and CO; in the exhausts
of Gulfstream IV in each scenario of the journey

Journey scenario ENO, ECO EHC ECO,
[kq] [kq] [kq] [kd]

Headwinds (Gdansk 28.7661 | 1.925971 | 0.247608 | 2640.132
—Rzeszow journey)

No wind (Gdansk

—Rzeszow or Rzeszow 26.8615 | 1.798454 | 0.231214 | 2465.332
—Gdansk journey

Tailwinds (Rzeszow 25,1993 | 1.687164 | 0.216906 | 2312.774
—Gdansk journey)

The described research methodology is universal. In the
paper it is presented on the example of the Gulfstream IV
aircraft due to the access to its technical data, but nothing
prevents us from using it for similar analyses for other jet
aircraft.

In order to minimize emission of pollutants in the air-
craft engines, it may be worth considering to conduct the
research on the optimization of the aircraft’s flight trajecto-
ry, so that it is covered with the most preferable wind direc-
tion.

This project has received funding from the SESAR Joint Undertak-
ing under the European Union's Horizon 2020 research and
innovation programme under grant agreement No 734129.
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Fig. 4. Total emission of NOy, CO, HC and CO; in the exhausts of Gulfstream 1V in each scenario of the journey
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Solving the problem of air quality in Indian cities by retrofitting the EGR

This paper touches problem of transportation pollution focusing on NO, reducing in the India. There were India country chosen for
study as the second populated country and most polluted cities in the world. As from statistics, it is known that more than 65% of Indian
cars are old and they are the main reason of air pollution. Most of the old cars do not have any control measures for eliminating deadli-
est gases. Dumping the old cars is not possible, as the poor owns most of the old cars. For eliminating the pollution from old cars, the
possible remedy is to control the emission of pollutants. Comparing to all gases in exhaust, nitrogen oxides are the dangerous one. It can
may cause up to death. The best method to control the NO, gas is EGR (Exhaust Gas Recirculation) valves. This research mainly focuses
on the possible ways of installing EGR in old engines and fabricate an EGR in one of the Indian cars. Maruti Suzuki 800 is best of for
fabricating EGR, as it is a base model and most sold Indian car. As the result, there tremendous decreasing in NO, emission also the
emission CO, was reduced. The investigation about fabricating EGR in old vehicle results a positive output after calculated the cost of
the fabrication, time consumption, work challenges and other facts. As Indian government adopt this concept, they can reduce the pollu-

tion from all types of vehicles to a great extend in few years of time with low investment.

Key words: engine pollution, retrofitting, EGR

1. Introduction

Nitrogen oxides (NOy) is common name for the chemical
compounds group of oxides of nitrogen, which are highly
reactive. Nitrous acids and nitric acid are also belonging to
this group. Combustion of transportation fuel is the main
reason for NO, formation. All types of cars, power plants and
off-road equipment have a major role in NO, formation.
There are a lot of harmful effects on human health as well as
entire environment. NO, responds with ammonia, moisture
and different mixes to shape nitric corrosive vapor and relat-
ed particles. Little particles can infiltrate profoundly into
delicate lung tissue and harm it causing sudden death in
outrageous cases. Inward breath of these particles might
cause or decline respiratory illnesses as bronchitis for exam-
ple. NO, responds with volatile organic compounds with the
vision of sunlight to frame and to obliterate ozone. Ozone
can cause unfavorable impacts, for example, harm to lung
tissue and diminishment in lung work for the most part in
week persons (kids, elderly, and asthmatics). NO, additional-
ly promptly responds with common organic chemicals to
frame a wide assortment of dangerous items: nitroarenes,
nitrosamines and furthermore, some of the nitrate radical
may cause DNA mutation. As of late, another pathway, by
means of NO,, to ozone discovered that prevalently happens
in beachfront regions through development of nitryl chloride
when NO, encounters salt mist. NO, emissions likewise
cause worldwide cooling through the arrangement of OH
radicals that devastate methane atoms, countering the impact
of ozone harming substances. The impact can be critical. The
extreme goal of maximum NOy is to wind up in the soil as
nitrate or nitrite, which are valuable to developing plants.

NO, and other NO, associate with water, oxygen and
different synthetic compounds in the atmosphere to shape
acid rain. Acid rain hurts delicate biological systems, for
example, lakes and backwoods. Acid rain comes about
when sulfur dioxide (SO,) and nitrogen oxides (NO,) are
discharged into the atmosphere and transported by wind

and air streams. The SO, and NO, respond with water,
oxygen and different synthetic substances to frame sulfuric
and nitric acids. These then blend with water and different
materials previously tumbling to the ground. The nitrate
particles that outcome from NO, make the air cloudy and
hard to see however. Haze is caused when daylight experi-
ences small pollution particles noticeable all around, which
decrease the clearness and shade of what we see, particular-
ly humid conditions [7, 9, 11, 16, 18].
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Fig. 1. Environmental effects of NO, [12]

When world zones be studied due to NO, contamination
it can be observed some differences in level of it — see Fig. 2.
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Fig. 2. Year-to-year variations of NOy [19]
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Focusing on European Union countries it can be found
that for example during 2011 road transport and energy
production are the prime sources of NO, emissions — Fig. 3.

Agriculture 2%

Energy production

Industrial
and distribution 21%

processes 3%
Non-road Solvent and
transport 7% product use 0%
Energy use in
industry 13%
Road
transport 40% Waste 0%
\ Commercial

institutional and
households 14%

Fig. 3. NOy emissions in the EU during 2011 [5]

Similar situation was in USA, when during 2010 road
transport and energy production are the prime sources for
emission of NO, — Fig. 4.

Transportation
54%

Industrial 2%
5%

Fig. 4. NOy emissions in the USA during 2010 [4]

And in India, the quantity of urban cities where the
guidelines of nitrogen oxides (NO,) surpassed standards
expanded from 18% to 29% out of 10 years, as indicated by
the Center for Science and Environment — Fig. 5.

In 2007, none of the Indian urban cities was in the basic
class — that is 1.5 times as far as possible. In 2016, 12% of
the urban communities where NO, was being checked en-
tered the basic rundown [8, 14, 15].

INTEX-B TOPDOWN Difference (TOPDOWN - INTEX-8)

Fig. 5. Satellite constraints of NO, emissions in India [8]

As mentioned above, around 50% of NO, emission is
from road transportation. As per the studies from Minister
of Road Transport, Highways and Shipping in India, old
commercial vehicles are responsible for biggest part of the
vehicular pollution — Fig. 6 [10, 14, 16].

HOW POLLUTING ARE THEY?

Emission by more-than-10-year-old vehicles in 2011

2-wheelers 17 30 21 32 51
3-wheelers 18 42 22 41 54
4-wheelers 17 58 21 33 45
Buses 12 26 14 18 21

Heavy-duty trucks @[3 39 20 30 39
Light-duty trucks RE] 46 16 25 33

Source: Study on re-fuelling road transport for better air quality in India

Fig. 6. NOy emissions by old vehicles [10]

2. Some methods of reducing NO, emissions

There are some methods to reduce NO,, as follow:

— Humid Air Method — in this technique, water va-
pour is blended in the air before providing it to the cylin-
der. Air from the turbocharger blower is gone through
a cell that humidifies and chills the hot air taking moisture
from the cooling water until air immersion is accom-
plished. This strategy can accomplish diminishment of
NO, by 70-80%,

— Exhaust Gas Recirculation (EGR) — as the name
recommends, some measure of exhaust gases is sent back to
the search space to stir up with the air to be provided to
cylinder for combustion. This lessens the oxygen substance
of the air and subsequently decreases development of NO,
by 50% even [1, 2, 15],

— Water Injection and Water emulsion — in this strate-
gy, water is added to lessen the temperature of ignition
prompting low NO, emanation. In water emulsion, fuel is
mixed with water and in water infusion; a different fresh
water injector is mounted in the cylinder head that infuses
water. This technique has a disadvantage of expanding the
specific fuel oil burning with lessening in NO, by just 20—
45%,

— High scavenge pressure and compression ratio —
with high rummage weight and compression ratio, substan-
tial measure of air can be acquainted inside the cylinder
with bring down burning temperature and NO, outflow by
25%,

— Selective Catalytic Reduction (SCR) — is the most
productive technique to diminish NOy outflows from ex-
haust gases up to 90-95%. In this technique the exhaust gas
is blended by water arrangement of urea and after that it is
gone through catalytic convertor. The main drawback of
SCR is its cost of installation and working expense.

A generally embraced course to reduce NO, outflows is
Exhaust Gas Recirculation (EGR). Its includes recirculating
a controllable extent of the engine exhaust again into the
intake air. For controlling the flow of gas there is a valve.
EGR reduces NO, by the lowering combustion chamber
temperatures. Gases represented from EGR frameworks
will likewise contain near equilibrium of CO & NO,; the
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small amount initially inside the combustion chamber re-
presses the aggregate net generation of these and different
contaminations when tested on a time average.

An appropriately working EGR can hypothetically build
the effectiveness of gasoline engine through a various
mechanisms:

— reduced throttling losses. There will be increase in
the pressure of inlet manifold. At a given power output
throttle plate must be opened further because of the inertion
of inert exhaust gas to the intake manifold and this make
diminishing in throttling losses,

— reduced heat rejection. Brought down peak combus-
tion temperatures not just decreases NO, development, it
additionally diminishes the loss of thermal energy to com-
bustion chamber surfaces, during the expansion stroke
making more accessible for change to mechanical work,

— reduced chemical dissociation. The lower top tem-
peratures result in a greater amount of the discharged ener-
gy staying as sensible energy close TDC (Top Dead Cen-
tre), instead of being bound up in the dissociation of com-
bustion items. This impact is minor compared with the
initial two.

EGR valves are differentiate by the way working or
with the working principle. The main types are:

— mechanical controlled,
electronic controlled,
working with vacuum,
combination of vacuum & pressure.

EGR valve designs also differs from petrol powered and
diesel powered. Nowadays, the modern vehicles uses dif-
ferent type valves configuration with electronic one as
dominant. But in old engines, a vacuum hose is connected
to carburettor or throttle body to the valve.

3. Fabricating and implementing EGR

As going through the surveys and statistics, found that
old cars are the main source of NO, emission. For reducing
NO,, fabricating EGR in old vehicle is the best solution.

For fabricating an EGR in old engine, the first and main
task is selection of a car. Its confusing task to select a par-
ticular as far so much brands are there. So, came to solution
of selecting a base model, means an engine had only basic
specifications. As far we can make alterations depends
upon engine specification. However, by selecting base
model engine’s EGR mechanism will be suite for all en-
gines.

During the period from 1983 to 2014, a city car ruled
Indian streets called Maruti 800 is a produced by Maruti
Suzuki. With more than 30 long periods of generation, this
became the second longest creation auto in India, next just
to Ambassador by Hindustan motors. It is reverently called
as "The Car that put India on Wheels". The first generation
(SS80) had an 800cc F8B engine and depended on the 1979
Suzuki Fronte. A modernized aerodynamic version utilizing
the shape of the second generation (SB308) was displayed
in late 1986.

Generally viewed as the most leading car in India,
Maruti sold around 2.66 million in India itself out of 2.87
million 800s manufactured. Before the entry of Maruti Alto
at 2004, Maruti 800 persist as top of the line auto in India.
It was likewise sent out to various Asian countries includ-

ing, Bangladesh, Sri Lanka and Nepal and was additionally
accessible in Morocco and sold in European markets as the
Maruti Suzuki.

Table 1. Maruti 800 engine specification

Cylinders 3
Displacement 796 cm®
Type Water Cooled SOHC Petrol
Valve train 2 valves
Bore & Stroke 68.5 x 72.0 mm
Max Power 37 BHP@5000 rpm
Max Torque 59 Nm@2500 rpm

To fabricate a fully functioning EGR system in a chosen
engine the EGR line was design with all necessary compo-
nents. So, there were made:

— recognition of fluid flow using Bernoulli equation,
giving information about the balance between elevation,
velocity and pressure in duct of EGR line,

— electronics platform with Arduino Open Source to
manage signals from varies sensors and actuators. This
project uses an Arduino Leonardo microcontroller board to
take sensor readings for calibration and for control of servo
using various sensor inputs [3],

— time-financial analyses

The design of the EGR line (Fig. 7) is simply based on
the fact that the design must be simple, purposeful and
efficient. The conventional EGR valve is 2 input 2 output
4-way valve, which is situated between the two manifolds
the valve operates and opens the separation between intake
and exhaust manifolds causing a part of the exhaust gas to
mix with the intake air. Normally this valve is operated
mechanically owing the temperature of the gases. The me-
chanical system consists of valve that operates based on
exhaust manifold pressure and intake manifold pressure.
However later electronically operated EGE valves are in-
troduced. But the conventional EGR valve cannot serve our
purpose, so we introduced a two-way valve operated be-
tween on and off in 90-degree angle. The valve is operated
using a servomotor, which rotates according to the signal of
the controller.

EGR valve

1/2" x 3/4" reducer 1100mm 3/4" GI

1100mm 3/4" GI 400mm 3/4" Gl

1/2" coupling
control valve 1
2700mm 1/2" MS

600mm 1/2" MS
3000mm 3/4" Gl

1/2" x 3/4" reducer

600mm 1/2" MS

Fig. 7. Design of EGR line for Maruti 800 engine

The sensors characteristic curves were obtained by ana-
lysing their signal output values using the Arduino Leonar-
do microcontroller board. So, there were tested and ana-
lysed sensor characteristics:
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— throttle positon sensor (TPS)
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Fig. 8. Throttle Position Sensors with analog output vs. rpm

— manifold absolute pressure sensor (MAPS)
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Fig. 9. Manifold Absolute Pressure Sensors with analog output vs. rpm

— oxygen sensor/lambda sensor
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Fig. 10. Oxygen / Lambda Sensors with analog output vs. rpm

— mass air flow sensor (MASF)

o 500 1000 1500 2000 2500 3000 3500
Fig. 11. Mass Air Flow Sensors with analog output vs. rpm

— EGR valve control and electronics

Fig. 12. EGR valve with Arduino code for motor control

EGR valve is a simple modified globe valve (open when
parallel), i.e. for a 90-degree sweep, the valve is fully open.
Since approximate flow through the EGR line is about 30%
(approximately one-third the flow from the main exhaust
pipe), a 45 degree sweep is enough to obtain the 15% flow
rate [17].

The control algorithm was developed after careful study
of the sensor characteristics of throttle position sensor,
manifold absolute pressure sensor and the lambda sensor
and then carefully fixing the range of operation of the servo
motor [3, 6].

The final circuit — the all in one data logging and control
module enables simultaneous data logging from all four
sensors along with the control of the servo while comparing
these values. The final circuit is a combination of the cali-
bration and servo control circuits, with the addition of
a dual 7-segment LCD display connected to the circuit so
that the current EGR percentage may be displayed. The
displays are connected in a multiplexed manner due to the
fact that only a limited number of input/output digital pins
are available in the Arduino Leonardo microcontroller
board. The MAF sensor requires an additional 12 V supply,
which may be taken directly from the engine battery. Due
to safety reasons, the supply is taken from a 12 V, 1 A,
SMPS, DC adapter so that the components on the bread-
board are saved from high values of current.

Fig. 13. Breadboard implementation of the final circuit

4. Estimating the cost and time period for
fabricating EGR to all old cars in India

India is a big country having 29 states and 7 union terri-
tories. So the cost of materials & labour cost is differs from
state to state. So taking the average of from all state.

To counting fabricating cost it was taken Indian Rupees
(INR) to European Currency (Euro) exchange stock as
given on August 15", 2018: 1 Euro = 79.30 INR.

COSTS

— Material cost

There were estimating the cost of materials for fabricat-
ing EGR on Maruti 800. It will change with the car. So
here, also the mean price was considering.
AURDINO LEONARS board: it was used AT mega 32u4
(5v). Its input volts is 7-12 V flash memory of 32 kB with
500 INR (6.31 Euro).
INLET SECTION: the main component are:
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Convergent-divergent section
Convergent nozzle =120 INR (1.51 Euro)
Total for inlet section =230 INR (2.90 Euro)
EGR LINE: it needs so much nibbling, elbow pipe, reducer
extra.

=110 INR (1.39 Euro)

Item Price (in INR)
1%” MS extender 105
¥ to 2" Reducer 110
%” GI nibbling 85
%" GI short elbow 100
%" GI elbow 110
¥ to 2" Reducer 110
15” MS short elbow 120
Total 740 (9.33 Euro)

For EGR valve, Techno 2W-200-20-3/4". 1t costs 1810 INR
(22.82 Euro) [17].

Manual Over Ride Valve of Aira Euro Automation’s COSts
700 INR (8.83 Euro).

At last, for brass nozzle is 310 INR (3.91 Euro).

Therefore, for making EGR line the total price is 3560 INR
(44.98 Euro).

SENSORS
Sensors mentioned above have got process as follow:

Name Brand/Model Price (in INR)
Throttle Position Generic 2200
Sensors

Manifold Absolute Generic 1850
Pressure Sensors

Oxygen/Lambda Denso 4650
Sensors

Mass Air Flow Generic 3100
Sensors

Total 9820 (123.83 Euro)

— miscellaneous expenses

So much of small, but important things we need. For
example, electric wires, connectors, adapters, screws, bolt&
nuts etc. The expense for tools also included here. We can
use same tools for so many cars. Here we took as average.
It’s also include electricity charge, welding cost, water bills
etc. So for all, as an average we count 500 INR (6.31 Euro)
for one car.

— labour cost

For fabricating an EGR, we need a technical crew hav-
ing: one Automotive Engineer, one Electronics and Com-
munication Engineer, one Quality inspector, two Profes-
sional Welders, three Automotive Mechanic and for man-
agement level — one person should be there as supervisor or
as district head. One head for a state with one assistant &
one main head for all country with three assistant. The
salary structure for the District, State & National heads we
don’t need to hire new person, can give extra duty to: Re-
gional Transport Officer (District Level, State Transport
Commissioner (State Level), Transport Research Advisor
(National Level).

Designation Salary (in INR)
Automotive Engineer 1000/car
E & C Engineer 55,000/month
Quality Inspector 650/car
Professional Welder 350/car
Automotive Mechanic 350/car
State level Assistant 35,000/month
National level Assistant 50,000/month

TIME

In India, maximum period of one car according to tax
payment is 15 years. After that, they need re-registration
and that time they should have to follow the current emis-
sion standard. In addition, the Baharat stage 4 emission
standard was introduced in 2010.

Now it is 2018, so we considering the cars and taxis be-
tween 2004 and 2010.

Number of cars from 2004 to 2010 =71,911,501

Number of taxis from 2004 to 2010 = 10,048,572

Total number of cars = 81,960,073 vs. more
than 210 min grand total (including buses, two-wheelers,
jeeps, goods vehicle etc.).

As result of research, we are cutting 50% of cars from
this because in some of taxis are heavy vehicles, and in cars
some are dumbed, were destroyed in accident, some are
unusable. Therefore, the final count of cars are 40,980,037.

India have 718 districts. For the speedy output opening
seven station in a district is the better number, so, 718 - 7 =
5,026. However, the big cities like Mumbai, Delhi, Ahmed-
abad, Pune, Chennai, Vizag, Hyderabad, Lucknow, Jaipur,
Kolkata, Kochi, Amritsar have enormous amount of cars.
We have to open more than one station in all cities. There-
fore, we came to decision for 7,200 total stations. An aver-
age of eight cars can be fabricate in one station. Total
57,600 cars per day. So number of days we need to fabri-
cate all cars 40,980,037/57,600 = 711.45 days. In years
(including weekends and holidays) 711.45/216 = 3.3 years
to retrofitting all old cars in India.

5. Conclusions

Citizens of India as others aimed to make India unpol-
luted. Initiated a research for it and results in a finding that
NOXx is the most deadliest pollutant from cars especially
from old cars. As a solution decided to reduce NO, emis-
sion from old cars by retrofitting EGR system in it, which is
considered as the best remedy for NO, emission. It was
done for base model and a most popular car Maruti 800.
The fabrication was very successful with very cost.

The total cost for implementing an EGR in a car is
14,850 INR (188 Euro) without the labour charge. Gov-
ernment of India can implies a subsidy scene to poor car
owners and take surcharge from the owners having high
annual income. This make the cost of fabrication in a tally.
We need total 5026 working station for 40.9 million cars.
By fabricating 57,600 cars per day, we can implement EGR
in all cars within 3.3 years, but of course, another portion of
old vehicles comes every year.

As a conclusion, we can say within 2 years we can con-
trol the NO, emission to a great extent. As the results of
this, the air pollution of India will reduce and Indian cities
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shall be eliminated from the list of most polluted cities in
world. Before 50 years, India was the one of the country

with good air quality, as per my research we can make it
again.
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Emission of selected exhaust compounds in jet engines of a jet aircraft in cruise
phase

Nowadays, air transport is in an intense development phase. In order to optimize air communication and make it even more econom-
ical and environmentally friendly, attempts are made to undertake such activities as, e.g., SESAR project, which aims to develop and
implement a modern ATM system. One of the parts of this project is the research on minimizing fuel consumption and emissions of pollu-
tants in the engine exhausts. In the paper there is therefore presented the methodology for determining emission of those pollutants for
the longest stage of the flight — the cruise phase. First, the value of the thrust required for the flight of an exemplary aircraft was deter-
mined, and then the values of the engines trust and specific fuel consumption were computed. Additionally, it was necessary to determine
the Emission Indexes (El) of CO, NO,, HC and CO, for the cruise phase, based on known such indexes for the LTO. Total emissions of
these pollutants for the mission adopted to conduct research —a 1000 km long cruise — were determined. These emissions were computed

for the exemplary aircraft per one kilometre, as well as per one hour of flight for various cruising altitudes and flight speeds.

Key words: jet engine, emission, fuel consumption, cruise phase, ATM, SESAR

1. Introduction

Aiir transport is the most modern and the most dynamical-
ly developing branch of transport. Unfortunately, it also
brings a negative impact on the natural environment and the
population living in areas of high traffic intensity. This im-
pact is mainly caused by the emission of noise and harmful
substances, resulting from the combustion of fossil fuels by
aircrafts engines.

The negative impact of air transport is the stronger the
more intensive air traffic occurs in a given area. Europe is
a unique region on Earth because of to the very high popula-
tion density and high intensity of flights performed on its
territory. In 2015, more than 9.9 million IFR operations were
carried out in Europe and forecasts predict their growth by 16
percent by 2022 (Fig. 1) [3]. Currently, around 27,000 con-
trolled flights take place in the European airspace every day.
Europe is facing an airspace capacity crisis, as it is predicted
that the number of flights will increase by as much as 50% in
the next 1020 years [3].

Actual el B Forecast

| ! | ! — 1.
———— Current forecast (MTF16) Ll
12 Forecast issued 45 12
in February 2016 (MTF16b) -

8

IFR Movements (millions)

2010 2012 2014 2016 2018 2020 2022

Fig. 1. A seven-year forecast for total Europe flight movements [3]

Historically, Europe consisted of a number of countries
that did not create uniform political, economic or demo-
graphic systems. Along with the development of closer
political and economic cooperation within the European
Union, the efforts have been made to harmonize the rules of

Air Traffic Control (ATC) and Air Traffic Management
(ATM), which has led to creation of a Single European Sky
(SES) over Europe. Despite those activities, the ATC and
ATM systems in Europe are fragmented and dominated by
local ANSP (Air Navigation Service Providers) that have a
monopoly for the running the ATC and ATM services. The
border division of the airspace has made the European ATC
and ATM system a kind of a mosaic of national ATC and
ATM systems [9, 10, 11, 15].

The answer to these problems was the launch of the
SESAR program (Single European Sky ATM Research),
which is a technological pillar of the SES. The aim of this
program is to improve ATM system performance by its
modernising and harmonising in order to increase the ca-
pacity of the ATM network to cope with the ever-increasing
number of flight operations while improving economic and
security indicators [2, 14].

The current level of technical development of ATC and
ATM systems has created the possibility of implementing a
new way of flight planning method, leading to the aban-
donment of airways (Airways, AWY), and using only
Waypoints (WP) to define the flight path. The airspace in
the area where it will be possible to plan such a route is
called the Free Route Airspace (FRA) [4]. The FRA con-
cept will enable to match the path to aircraft performance
better by optimising and minimising the differences be-
tween planned and operationally performed paths. It will
also allow to improve the predictability of air traffic, which
will reduce delays and consequently increase airspace ca-
pacity and improve air traffic efficiency indicators. The
Polish Air Navigation Services Agency (PANSA) plans to
launch the FRA airspace called POLFRA in the Polish
airspace (FIR Warsaw) on February 28", 2019 [12].

Preparing an appropriate flight plan has always been a
difficult and demanding task due to the complexity of the
airspace and the need to take into account the conditions
and restrictions of different types. Path optimization is
desirable and constitutes an added value. Currently, there
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are few companies on the market that have been involved in
the development of computer flight planning systems
(CFSPs) to meet the demand of airlines and other commer-
cial users. However, CFSP systems are not widely availa-
ble, mainly due to the high cost of their purchase. There-
fore, there is a need to develop a simpler, widely available
flight planning system, dedicated for non-commercial users
(General Aviation, GA) and small commercial companies
(Business Aviation, BA) as well as for flight planning of
unmanned systems (Remotely Piloted Aircraft Systems,
RPAS) [2, 14].

An essential part of the newly developed CFSP system
will be the algorithm that can find the optimal path for an
aircraft in the FRA for the given optimization criterion,
taking into account the required restrictions and flight con-
ditions.

The proper work of the algorithm will be possible if the
proper set of input data and calculation models are availa-
ble. Till today, the following minimum set of computational
models has been identified: airspace model, trajectory mod-
el, aircraft model and model of the surrounding environ-
ment.

Currently there are no consistent models defining the
emission of harmful substances in the aircrafts engines
exhausts during the whole flight. There are relatively well-
developed models that are capable of determining the emis-
sion of the aircraft in the take-off and landing phases
(LTO). But there are no advanced models available for the
full flight phase, which could be a standard. The need to
determine flight paths characterized by the minimum emis-
sion of pollutants in the exhausts requires precise determi-
nation of aircraft emissions in all phases of the flight.

2. Problem statement and research methodology
In this paper the method of determination of harmful

compounds present in exhaust gases emitted by a passenger

aircraft engines is described — the proposed computational
method is universal, i.e. it can be used for any jet commu-
nication and transport aircraft, if suitable technical data is
available. The solution to the problem is illustrated on the
example of the Gulfstream IV (Rolls-Royce Tay 611C)
business jet aircraft.

The flight consists of 9 main successive stages:

1) taxi-out — means controlled movement of the aircraft
on the apron, using its own propulsion, between the
stopping point and the point from which the take-off
will take place.

2) start — is the flight phase in which the airplane moves
from the point of run-up on the runway and rises into
the air.

3) departure from the airport and climb — includes the
climb of the aircraft after take-off to the contractual
moment when the aircraft reaches the altitude of 915 m
(3000 ft).

4) climb-out to the cruising altitude — is the phase of the
flight, during which the aircraft climbs from 915 mto a
fixed cruising altitude.

5) cruise — takes place between the stages of ascent and
descent and is usually the longest stage of the journey.
It ends when the plane approaches the destination, and
the descent phase begins, and the plane prepares to

land. During a cruise phase, for operational reasons or
Air Traffic Control (ATC), planes can climb or de-
scend from one flight level to a higher or a lower one.
During very long flights, aircrafts are able to fly higher
with the lower thrust required for flight, when the
weight of fuel on board decreases. Usually, pilots ask
ATC to allow them to fly at the optimum flight level
for the aircraft they operate. This optimal level of flight
depends, for example, on the type of aircraft, its operat-
ing mass and flight length. ATC generally accepts this
request if it does not compromise safety. For most
commercial passenger airplanes, most of the fuel is
used in this phase of the flight.

6) descent — is the flight stage during which the airplane
decreases its altitude during preparations to landing
and is the opposite of the climb phase. Like climb, de-
scent can be continuous or graduated for operational
reasons or ATC; the continuous descent is the most
fuel-efficient option. This phase lasts until the aircraft
reaches a height of 915 m.

7) approach to landing — is the final stage of the approach
to the landing of the aircraft, occurs when the aircraft
descends below 915 m and is in line with the runway
and approaches the landing.

8) landing at the destination airport — is the flight stage
when the plane returns to earth and continues until the
plane is at the point where taxiing begins.

9) taxi-in — covers the movement of the aircraft on the
ground, using its own propulsion, which takes place
from the moment when the aircraft ends the run-out
and runs to the stopping place from the runway and
switches off the engines.

In the research, the Landing and Take-off Operations
(LTO) were omitted, and the main attention was paid to the
cruise stage. For the flight at a certain altitude and with
certain velocity, the aircraft has a certain thrust require-
ments. This thrust depends on the altitude and velocity of
the aircraft, its mass, aerodynamic parameters and lifting
surface. The method of determining the thrust required for
the flight was taken from [5]. The ambient parameters
(T,p,p) at a given altitude H can be computed from the
dependences for the International Standard Atmosphere

(ISA), where:
T=T, (1- =) )
p=po-(1- 441;00)5'356 2)
p=1x (3)

where: T,, p, — temperature and ambient pressure at the
level of H = 0 [m] for the ISA (T, = 288.15 [K] and p, =
101325 [Pa]), R — individual gas constant for air (R = 287.2
[J/(kg'K)]), p — air density [kg/m®].

In the next step, the lift coefficient for the known flight
velocity is determined:

2-:Q
C, = s 4)

where: Q — aircraft weight determined from the formula:
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Q=m-g ®)

m — mass of the plane [kg], g — acceleration of gravity
[m/s?], V — flight velocity [m/s], S — lifting surface [m?], C,
— lift coefficient [-].

Then, the drag coefficient is determined:

Cy = 0.015 + 0.08 - C,* (6)

With the coefficients C, and C,, it is possible to deter-
mine the approximate value of power and thrust required
for the flight:

=20 QV )
Np
Pn=7 (8)

where: P, — thrust required for the flight [N], N, — power
required for the flight [W].

For the described methodology of computations and
formulas given above the technical data of the Gulfstream
IV aircraft was used and the results of the calculations are
presented in the further part of the work. The following
chart (Fig. 2) shows the thrust required for the flight as a
function of the flight velocity [Ma] determined for the
Gulfstream IV aircraft (for the altitude of 11,000 m).

o
-]

3

Pn/Pnmax [-]

0.94
0.92

0.9
0.45 0.5 0.55 0.6 0.65 0.7 0.75 08 0.85 0.9 0.95
V [Ma]

Fig. 2. Thrust required for the flight as a function of the flight velocity [Ma]
determined for the Gulfstream IV aircraft (for the altitude of 11,000 m)

The range of engine run is selected in such a way to en-
sure a safe value of thrust for the flight. On the basis of the
speed and altitude characteristics of the jet engine, the spe-
cific fuel consumption corresponding to a given thrust val-
ue can be given. These characteristics are determined ex-
perimentally (test bed aircrafts) or approximated in an ana-
Iytical (computational) way.

Based on the available literature — manuals, engine cata-
logues, websites (e.g. [8]), the engine performance in the
phase of LTO operation on the ground was read (Table 1).
At the selected points, the thrust and the corresponding SFC
were read and then a function between these points was
approximated using a program written in the Matlab envi-
ronment. The ground (rotational) characteristics of the
engine was obtained, i.e. thrust and SFC as a function of
rotations of the high pressure rotor. These characteristics
are determined experimentally on the test benches (which
are most often used and thus the analysis was based on such
data) or by tedious and labour-intensive gas-dynamic com-

putations, which give the results with an accuracy of up to
+10% in relation to the actual engine run.

The methodology developed by the authors of the pa-
per can be used to determine the engine thrust and SFC
during the flight. The correct determination of engine
performance during the flight is very important when
determining the emission of pollutants in the engine ex-
hausts, it is however often treated in a vague or imprecise
way in some articles.

To determine the speed-altitude characteristics of the
engine based on its rotational characteristics, it is necessary
to reduce the engine performance parameters at ground
level. The formula for the engine thrust is as follows [1]:

K=m'cg—m-V 9)

where: m’ — exhausts mass flow [kg/s], m — mass flow of
the air intake by the engine [kg/s], cs — exhaust gas velocity
in the nozzle [m/s], V — aircraft flight velocity [m/s].

For ground characteristics, where V = 0 [km/h] the
thrust is described by the formula [1]:

Ko =m'"cg (10)

The first thing to determine are the parameters of the
environment at a given flight velocity and flight altitude. To
determine total temperature and total pressure at a given
flight altitude and velocity, there can be used the following
formulas:

T,=T,-(1+0.2Ma?) (1)
Pc = Po - (14 0.2-Ma?)35 (12)

where: T, p. — total temperature [K] and total pressure
(dynamic pressure and temperature) [Pa], T,, p, — ambient
temperature [K] and ambient pressure [Pa] at a given flight
altitude (according to the ISA), Ma — velocity of the plane
[in Mach].

Having the value of a thrust at sea level, it is possible to
determine a thrust for a known flight altitude and flight
velocity [1]:

— . Pc -m. -
K=K, 101325 [Pa] m -V

(13)

where: ni. — reduced mass air flow, determined from the
formula:

-1
- 101325 [Pa] _ Tc
0 Pe 288.15 [K]

where: m,— mass flowat H =0 [m] and VV = 0 [m/s].
The specific fuel consumption can be computed from:

e = (14)

288.15[K]
TC

SFC = SFC, -

(15)

where: SFC, — specific fuel consumption [kg/(N-h)] at H =
0 [m] and V =0 [m/s].

The chart below (Fig. 3) shows the approximated
speed and altitude characteristic of the Rolls-Royce Tay
611C jet engine determined at 11,000 m by the authors of
this paper, applying the universal methodology described
in the paper.

COMBUSTION ENGINES, 2018, 173(2)

69



Emission of selected exhaust compounds in jet engines of a jet aircraft in cruise phase

/

0.45 05 0.55 06 0.65 07 0.75 08 0.85 09 0.95
V [Ma]

Fig. 3. Approximated speed and altitude characteristic of the Rolls-Royce
Tay 611C jet engine (determined for the altitude of 11,000 m)

The next chart (Fig. 4) shows the thrust curve of the two
Rolls-Royce engines and a curve of the thrust required for
the flight. The range between these curves is the manoeu-
vring range (it is possible to make adjustments to the thrust
of the engines and use a higher engine power for the flight).

—Pn/Kmax
— K/Kmax

o
e ©
© & -
\
\
\

K/Kmax - Pn/Kmax
)
2
\
\

dd:’y 05 0.55 06 0.65 07 0.75 08 0.85 0.9 0.95
MA

Fig. 4. A curve of thrust of two Rolls-Royce Tay 611C jet engines and
a curve of the thrust required for the flight

Knowing the engines performance corresponding to the
given flight stage, the emission of harmful compounds in
exhausts of jet engines (e.g. NO,, HC, CO) can be deter-
mined. To determine these emission, there can be used the
following formulas:

ECO = EICO : 10_3 K-SFC-t-1 (16)
ENOX = EINOX " 10_3 K-SFC-t-1 (17)
EHC = EIHC : 10_3 -K-SFC-t-1 (18)

where: Eco /Enox /Enc — emission of particular compounds
in exhausts [Kkg], Elco/Elnox /Eluc — emission factors for
particular substances, depended on the type of engine and
the range of its run [g/kg], K — engine thrust [N], SFC —
specific fuel consumption [kg/(N-h)], t — engine run time at
a given thrust [h], | — number of engines.

Due to the fact that the formation of some compounds
(CO,, H,0O and SO,) as a result of fuel combustion by air-
craft engines is directly proportional to the amount of fuel
consumed, modelling emissions of these compounds re-
quires only the knowledge of the fuel consumption and
emission factors for a given fuel. The formula of the carbon
dioxide emission [kg] is as follows:

Eco, = 3.15+K-SFC-t-1 (19)

The problem in determination of emission during cruise
stage is the lack of information concerning emission factors
(El) for toxic compounds in jet engine exhausts. These
coefficients are determined experimentally for landing and
take-off operations (LTO) and depend on the engine con-
struction, as well as its load (range of cruising power).
Engine power settings and times-in-mode for a given LTO
cycle are specified by ICAO [6], as shown in Table 1.

Table 1. Engine power settings and times-in-mode for the LTO cycle
specified by ICAO [6]

LTO cycle Thrust range [%Foo*]| Cycle time [min]
Take-off (T/O) 100 0.7
Climb-out (C/O) 85 2.2
Approaching (App) 30 4.0
Taxi (Idle) 7 26

*Foo — rated thrust

Each engine has different emission factors. The values
of these emission factors can be found in the available
ICAO databases. For example, for the Rolls Royce Tay
611C engine, EI of emitted pollutants for LTO determined
for the engine power settings and times-in-mode, are shown
in Table 2.

Table 2. Emission factors for RR Tay 611C

T/IO C/O App dle
}[Eg%gim 993 | 979 | 523 | 1.08
}[Egl;lﬁgo 0 067 | 160 | 96.67
E[fgc;i(béo 252 | 418 | 49.24 | 124.60

It is worth noticing that no EI coefficients are given for
the remaining flight stages. The authors of the paper, based
on the literature [7, 13], have determined these emission
factors for a given moment of flight, i.e., for the engine
thrust and external conditions affecting the engine run.
Emission indexes corresponding to the appropriate range of
engine run during the LTO cycle must be reduced taking
into account the change in ambient pressure and ambient
temperature due to higher altitude and flight velocity. These
formulas for the reduced emission indexes are as follows
[13]:

933
Elco = Elcovrro * 5oz (20)
63.3
Elnc = Elycrro * 5102 (21)
5102
Elnox = Elnoxiro * [ 535 " € (22)

where: Elqq, Elgc, Elyox — CO, HC and NO, emission
indexes at a given altitude [g/kg]l, Elcorro, Elhcrros
Elyoxito — CO, HC and NO, emission indexes measured
for LTO parameters [g/kg], © — temperature change coeffi-
cient [-]:
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— TC
T 288.15K (23)
8 — pressure change coefficient [-]:
_ Pc
6= 101325 Pa (24)

e — Euler number (e = 2.72), h — air humidity factor de-
pended on the altitude [-],

h= —19 - (w— 0,00634) (25)

w — specific humidity, where
W= 10—3 . e—0,0001426-(H—12900) for |SA,
where H — is the cruising altitude given in feet.

In the last step, the obtained emission factors for the
cruise phase should be substituted to the formulas (16)—
(18). In this way, knowing the flight duration, there can be
determined the emission of CO, HC and NO, for a given
altitude and flight velocity, as well as the mean mass of the
emitted pollutants at a given route section, e.g. 1 km, and
mean emission intensity of a given pollutant, as shown in
Tables 3 and 4.

3. Results and discussion

In Table 3 there are shown the obtained results of the
average emission intensity [kg/h] of selected harmful com-
pounds emitted in exhausts during the cruise phase on a
route of 1000 km for the studied aircraft (Gulfstream V) at
known altitude and flight velocity.

It is worth noting that the presented methodology for
determining the aircraft's performance and emission of
pollutants in the exhausts of its engines is universal and can
be used for any other jet aircraft.

Table 3. Emission intensity [in kg of CO, HC, NOy, CO, per 1 hour of

flight]
ruisin . k , k . k , k;
ainde | M| Foo [1] | B[] | Bvox [] | e [3]
0.7 3.7750 0.4854 60.9380 5452
9000m | 0.8 3.8397 0.4937 62.6622 5586
0.9 4.0309 0.5183 66.5783 5912
0.7 3.9646 0.5097 58.5721 5395
10,000 m{ 0.8 40385 0.5192 60.3186 5536
0.9 4.2509 0.5465 64.2582 5874
0.7 2.9772 0.2977 62.9360 5335
11,000 m{ 0.8 3.0375 0.3037 64.9165 5483
0.9 3.0876 0.3088 66.7853 5618

When considering changes in emission of the selected
pollutants with regard to the changes of cruising velocity
and cruising altitude, it can be noted that the higher the
cruising velocity, the lower the CO, emission, which is
caused by the lower fuel consumption.

At the cruising altitudes of 9 and 10 km, the engine
works at a similar load, but gives different thrust values
(with the increasing altitude the thrust decreases) at differ-
ent emission factors. This results in lower NO, emission
and higher CO and HC emission at 10 km compared to the
one at 9 km. However, at the height of 11 km, the engine
load increases, which leads to the change in El, thrust and
SFC values (as the altitude increases, the thrust decreases,
the SFC increases but fuel consumption decreases). This in
turn means that despite the reduction of CO, emissions
(which results from the lower fuel consumption), as well as

the reduction of CO and HC emissions, the NO, emission
increases.

It can also be noted that higher cruising velocity of the
aircraft at a given cruising altitude results in higher emis-
sion intensity of all pollutants considered.

In Table 4 there are shown the obtained results of the
average emission [kg/km] of selected harmful compounds
emitted in exhausts during the cruise phase on a route of
1000 km for the studied aircraft (Gulfstream IV) at known
altitude and flight velocity.

Table 4. Emission [in kg of CO, HC, NOy, CO, per 1 km of flight]

k: k: k: ki
Ma | o [ 2] | Buc [ | Brox [io] | Eeon o
0.7 |0.004931927 {0.000634161{0.079613715|7.122878538
0.8 | 0.004389399 |0.000564379|0.071633040|6.385702416
0.9 | 0.004095975 [0.000526667{0.067653135(6.007442843
0.7 | 0.005254596 {0.000675546{0.077630213|7.150418042
10,000 m| 0.8 | 0.004683474 |0.000602120{0.069951864|6.420134383
0.9 | 0.004382041 {0.000563360{0.066240571|6.055213450
0.7 |0.004004727 {0.000400446{0.084657232|7.176279599
11,000 m| 0.8 | 0.003575109 |0.000357452(0.076406108|6.453439253
0.9 | 0.003230290 {0.000323071{0.069871705|5.877629314

Cruising
altitude

9000 m

Considering changes in emissions of tested pollutants
depending on the change in cruising altitude, it can be noted
that CO and HC emissions at 11 km reach lower values
than those at 9 and 10 km. However, as the altitude increas-
es, the engine load increases, which leads to an increase in
NO, emissions. In turn, with the increase of cruising alti-
tude, CO, emissions decrease, which is caused by lower
fuel consumption.

It can also be noted that as the flight velocity increases,
emissions per one kilometre of all harmful substances are
reduced — flight velocity is of great importance. With the
increase of cruising velocity, the time to cover the same
route (e.g. 100 km) is significantly shortened.

The engine load increases by several percent in line
with the increase of the cruising velocity (from 0.7 to 0.9
Ma) which, combined with the shorter flight time on
a given route, means that the average emission per kilome-
tre is lower.

4. Conclusions

The paper describes an effective method of determina-
tion of pollutants emitted in a passenger aircraft engines
exhausts during the cruise phase. For the research purposes,
the Gulfstream IV (Rolls-Royce Tay 611C) business jet
aircraft was taken. However, this computational method is
universal and can be used for any jet communication and
transport aircraft (for which suitable technical data is avail-
able) in order to compute the emission of different pollu-
tants in the exhausts of its engines, generated on a given
route (in cruise phase).

The obtained results indicate that any change in the am-
bient conditions during engine operation (caused by
a change in altitude and flight speed) significantly affects
the emission of pollutants in the engine exhausts. It can be
noticed that with the increase in cruising altitude, the emis-
sion of CO, HC and CO, decreases, while the NO, emission
increases. However, when the same flight level is consid-
ered, there can be noticed that with the increase of the flight
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speed, the emission of harmful compounds in the exhaust
increases. The developed method can be used for similar
analyses for other jet passenger aircrafts.

This project has received funding from the SESAR Joint Undertak-
ing under the European Union's Horizon 2020 research and
innovation programme under grant agreement No 734129.
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