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The present study was focused on the combustion engine with a variable compression ratio (VCR), namely
the four-stroke air-cooled engine with the active combustion chamber (ACC). An indicated pressure, torque,
power, and specific fuel consumption of that engine were investigated experimentally as a goal of the present
study. Experiments were conducted using two versions of an engine. Two parameters particularly influencing the
ACC engine performance including the maximum compression ratio CRyax and the indicator s, determining the
correct operation of the ACC system, were described. It was found that the ACC engine allowed avoiding
detonation combustion without changing the amount and composition of the combustible mixture, and even
without delaying the ignition advance angle. In addition, the possible range of control of the combustion process
allowed the ACC engine to operate with different types of hydrocarbon fuels, for example, in the form of petrol
with various alcohol admixtures. The very intense flow of the combustible mixture inside the cylinder of the ACC
engine allowed describing the combustion in the ACC engine with zero-dimensional mathematical models with
the dual Vibe function providing the proper characterization of the heat release process. The use of very high
maximum compression ratios allows the ACC engine to operate to a certain extent as a Homogeneous Charge
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Compression Ignition (HCCI) engine with high lambda coefficients.
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1. Introduction

Each internal combustion engine has its characteristic
design parameter called the geometric compression ratio
which is the ratio of the maximum volume of the combus-
tion chamber at the bottom dead center (BDC) piston posi-
tion and the minimum volume of the combustion chamber
at the top dead center (TDC) piston position. In conven-
tional engines such design parameter is constant, which is
not optimal from the point of view of the heat release in the
combustion process and emissions, especially under alter-
ing conditions of load and speed during city driving [26].
The most common combustion parameters responsible for
the loss of efficiency in an Sl engine are knock, load fluctu-
ations, misfiring, cycle by cycle fluctuations, etc. [48].

The improvement of the ecological and energetic per-
formances of the modern piston engines is possible using,
among other tools, variable compression ratio playing as
one of the engine operation regulators [51]. Variable com-
pression ratio (VCR) is more often applied in compressed
ignition (Cl) engines [15, 18, 27, 30, 36, 37], to name
a few, and less in spark ignition (SI) engines supplied with
various fuels, to which group belonged the engine investi-
gated in the presented study.

In most known configurations of VCR engines, inter alia
presented further in the article, the CR is changed in
a predetermined way by additional elements, often based on
an existing algorithm, and therefore with some delay in re-
sponse to the measured value of pressure in the combustion
chamber. To the authors’ knowledge, the engine with active
combustion chamber (ACC) analyzed in the present study is
the first solution in which a variable compression ratio is
implemented in the conditions of a vibrating system consist-
ing of an auxiliary piston and a spring cooperating with it.
This enables a much faster adaptation of the combustion
chamber volume to the current value of the pressure inside it.

The study was aimed to determine an indicated pres-
sure, torque, power, and fuel consumption of such an en-
gine.

2. Present state of the development of VCR
and ACC engines

2.1. The research on VCR engines

There are some studies on various VCR systems utilized
in various engines.

Lopez et al. [29] reported that the use of two-stage VCR
systems allowed the extraction of high thermal efficiency
with high CR at lower loads and extended knock-free high
load operation with low CR. However, slow CR transitions
led to fuel consumption penalties, pointing to the need for
optimizing the control strategies of the VCR system. After
such an optimization fuel consumption was reduced up to
4% compared to the fixed CR.

Wittek et al. [54] applied a two-stage VCR system to
a mass production engine. They reported that switching to
low CR took last less than 1s. The fuel consumption can be
lowered at part load in a wide area of the map. The investi-
gated VCR engine exhibited a slightly higher friction than
the base engine.

Using a series of eight-cylinder engines supplied with
gasoline, Caris and Nelson [13] investigated the effect of
CR on volumetric efficiency, mean effective pressure and
indicated thermal efficiency. The best performance of the
engine was obtained at an intermediate CR.

Ferrey et al. [17] noticed that coupling the VCR engine
with the variable valve actuation (VVVA) technologies was
beneficial for the combustion process therein. There exists
thermodynamic benefit from the enhancement of the geo-
metric CR (CR > 18:1) in combination with VVA com-
pared to VVT strategies, thanks to the use of Atkinson/
Miller cycles. For the high compression ratio combustion
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chamber geometries used with early or late intake valve
closing strategies, an indicated efficiency enhanced up to 12
or 13% between compression ratio 10:1 and 18-20:1 at low
loads (BMEP < 8 bar).

Nuthan et al. [38] conducted studies in wide open throt-
tle condition (WOT) for speed range from 1200 rpm to
1800 rpm on a single-cylinder four-stroke VCR Sl engine
supplied with an equal-volume blend of methanol/gasoline
fuel. The 14° BTDC ignition timing was maintained for all
three different CRs (8, 9 and 10). Enhancing the latter from
CR8 to CR10 for the methanol/gasoline blend increased
combustion efficiency by enhancing the peak pressure and
net heat release value by 27.5% and 30%, respectively at
a speed of 1600 rpm. They reported that at CR10 at all
engine speeds there was a 25% increase in BTE, and BSFC
reduction by 19%, lowering CO and HC emissions by 30—
40%. The NO, emission enhanced with the increase of CR.

Qasemian et al. [40] studied effects of varied CR of bio-
fueled SI engines on their thermal balance and waste heat
recovery potential. They found that the heat loss to brake
power ratio (Qn/Wp) was enhanced with the increase in the
compression ratio. In addition, an enhancement of the com-
pression ratio lowered the exhaust power to heat loss ratio
(Qex/Qry) for all studied fuels. There existed a direct rela-
tionship between the ethanol in fuel content and Qg /Qn
ratio. As the percentage of ethanol in fuel enhanced, the
Qex/Qn ratio rose. Thus, the more the ethanol in the fuel and
the less the compression ratio, the more the potential for the
waste heat recovery of the IC engine.

Abdel and Osman [1] investigated the influence of the
variable CR on the engine performance with various etha-
nol-gasoline fuel blends. They found that, for each fuel
blend, there is an optimum CR giving the maximum indi-
cated power.

Ozcan and Yamin [39] elaborated a computer simula-
tion model of a variable-stroke-length LPG (liquefied petro-
leum gas) supplied, single-cylinder, four-stroke, Sl engine.
Numerical analysis was carried out at various engine speeds
and corresponding power and torque.

Yuh and Tohru [58] studied the effect of higher CRs in
two-stroke engines. They found a decrease in fuel con-
sumption for each unit rise in CR in the range of 6.6-13.6.
The maximum CR was limited due to knock and enhanced
in thermal load.

Some researchers were also focused on emission analy-
sis for a VCR engine [3, 24].

Studies on two-stroke and four-stroke engines showed
the increased performance of the engine with VCR [2, 21].

The gain in efficiency beyond a certain CR can be
strongly limited due to other influencing factors such as
heat loss and friction [45].

There exists the upper limit of CR for the combination
of fuel and SI engine beyond which there is fall in efficien-
cy [49].

Roy et al. [46] noticed that compression ratio strongly
affected the performance of an Sl engine at different load
conditions. Therefore, the VCR engine can be an effective
solution to the problems encountered while operating an
engine at varying load conditions. VCR engines allow more
flexibility to the user, improvement in brake power, brake

thermal efficiency, and torque while weakening emissions
and specific fuel consumption.

Bas et al. [6] studied brake power and brake-specific
fuel consumption of a variable compression ratio spark-
ignited engine equipped with different spark plugs (conven-
tional, iridium and platinum). They investigated the effects
of hydrogen enrichment and VCR on engine operation at
various speeds. They obtained higher performance values
with iridium and platinum spark plugs compared with the
conventional spark plug at all hydrogen fractions, engine
speeds and compression ratios. The platinum spark plug
enhanced the engine performance more than the iridium
one.

Hammermueller et al. [23] found that especially for tur-
bocharged Sl engines, the variable geometrical compression
ratio is beneficial in terms of part load efficiency and max-
imum power output. Using a conrod-based two-stage VCR
system with an eccentric piston pin bearing, they analyzed
the influencing parameters resulting from the fired engine
operation, such as dynamic pressure stimulation in the
crankshaft oil supply or the acceleration of the internal oil
columns. The tests were conducted on a three-cylinder full
engine in the entire engine map, for the speed range up to
6500 rpm, loads up to BMEP equal to 21 bar both in high
and low compression ratio. They found, that only so called
"hydraulic pretension” of the support chamber provided
stiff force transmission in the low compression ratio stage.

Basu et al. [7] studied the performance of a VCR S.1.
four-stroke engine with electrical loading and air cooling
supplied with the blends of butanol and ethanol with
proportions 10, 20, 30 and 40% in petrol. The brake thermal
efficiency and brake specific fuel consumption (BSFC)
were compared for the above-mentioned blends for differ-
ent compression ratios and loads. They found that the brake
thermal efficiency enhanced and the BSFC weakened with
an increase of blend amount in petrol and no knocking
occurred during the engine operation. The engine ran
smoothly up to 40% blends in each case. The maximum
efficiency was obtained for a 40% blend.

Using the homogeneous charge compression ignition
engine supplied with gasoline fuel, Babagiray et al. [5]
studied the effect of compression ratio, engine speed inlet
air temperature, lambda value, and research octane number
value on indicated mean effective pressure, indicated ther-
mal efficiency, maximum pressure rise rate, specific fuel
consumption, cyclic differences, and emissions including
unburned hydrocarbons, carbon monoxide, and nitrogen
oxide. The engine operation condition characterized by the
compression ratio of 12, intake air temperature of 333 K,
lambda value of 1.8, engine speed of 935 rpm, and RON40
was found as the optimal one for the HCCI engine. At this
point, 5.08 of indicated mean effective pressure, 35% of
indicated thermal efficiency, 243.28 g/kWh of specific fuel
consumption, 4.43 bar/CA of maximum pressure rise rate,
and 3% of COVine, occurred. The optimum values of en-
gine emissions were of 355.586 ppm for UHC, of 3% for
CO, and very small value ppm for NO,, respectively.

Depending on the performance necessity of a vehicle its
VCR engine operates at compression ratios being varied via
changing the combustion chamber volume. It is thermody-
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namically beneficial, as the engine map shows [52]. At low
power levels, such an engine operates at a higher CR to
capture low fuel consumption while at high power levels
the engine operates at low CR to limit knocking. The opti-
mum CR is affected by inlet air temperature, engine coolant
temperature, exhaust gas temperature, engine knock, fuel
type, the octane rating of fuel, and other parameters. Also,
the operating temperature is maintained at optimum allow-
ing obtaining high combustion efficiency.

Rakopoulos et al. [41] elaborated a comprehensive, qua-
si-dimensional, two-zone combustion model allowing the
prediction of the combustion characteristics, performance,
nitric oxide (NO), and carbon monoxide (CO) emissions of
high-speed spark-ignition engine. The model is validated on
an experimental, Ricardo E6, mono-cylinder, high-speed Sl
engine operational over a wide range of compression ratios
and (fuel-air) equivalence ratios (EQR). The engine was
supplied with gasoline and operated under various CR and
EQR values at WOT position.

2.2. The VCR strategy realization
The VCR strategy can be realized through [47, 56]:
— articulated monohead (Saab)
— piston of variable deck height (Daimler-Benz)
— eccentrics on crankshaft bearings (FEV)
— multilink rod-crank mechanisms (Nissan)
— secondary moving piston or valve in cylinder head
(Ford)
— gear-based crank mechanisms (MCE-5)
— precisely shifted cylinder block with cylinder head as-
sembly (Self-Developed Design).

Some realizations of VCR strategy include moveable
cylinder block [14, 55], use of eccentric bearings for crank-
shaft and connecting rod and use of adjustable lever rod
between crankshaft and connecting rod [8, 11, 22, 25, 33-
35, 42, 43, 45, 50].

Roy et al. [46] elaborated the VCR engine with a cylin-
der head which was equipped with an actuator-driven mov-
able ram for varying the clearance volume, and thus the
compression ratio.

Wos et al. [56] elaborated and test engine with variable
combustion chambers volume realized by the shifting of the
cylinder block with head assembly perpendicularly to the
crankshaft axis, causing the variation of the engine CR
from19to 9.

Lopez et al. [29] elaborated a two-stage VCR system
applied to a downsized Sl engine. The VCR mechanism
comprised an eccentric element in the small end of the
connecting rod, rotated to enhance/lower the effective con-
necting rod length, achieving the CRs of 12.11:1 and
9.56:1.

Wittek et al. [54] developed a VCR system comprising
a connecting rod with eccentrically piston pin suspension
and hydraulic moment support. Stiffness of support mecha-
nism was affected by engine speed and load. System was
robust against variations of pressure, temperature, and aera-
tion in the oil feed stream. Dissipation effects occurring in
hydraulic support pistons were negligible.

Brevick [10] developed a "Pressure Reactive Piston
(PRP)" technology with modification of the piston geome-

try. The mechanism had a secondary piston in the second-
ary cylinder, which reciprocated inside the combustion
chamber. The spark plug was installed in the secondary
piston, which lowered the space requirement for exclusive
mounting of the secondary piston.

Lin and Yang [28] proposed a dual shaft control varia-
ble compression ratio (DSC-VCR) engine based on a gear-
driven eccentric sleeve. This DSC-VCR allowed for double
larger gears to share the load, and for the engine operation
with a larger eccentric size and a narrower adjustment range
than for the other similar mechanisms. This mechanism
allowed the engine operation with a larger overexpansion
ratio (OER, the ratio of expansion stroke and compression
stroke) under all conditions to increase engine efficiency.

The VCR engine comprising two control shafts rotating
180 degrees in the same direction to adjust the CR ratio was
described in [32]. Timing gears were utilized for the rota-
tion of the control shafts with two sets of journals. The first
set of journals was concentric with the timing gears and
mounted in conventional bushings in the crankcase. The
second set of journals was eccentrically located on the con-
trol shaft. The eccentricity provided a change of cylinder
head height relative to the crankshaft. The eccentric jour-
nals were mounted in eccentric bushings. The eccentric
bushings were mounted in the cylinder jug.

The interesting realization of VCR in Sl engine was
achieved using the concept of the active combustion cham-
ber (ACC) [20], presented in the next subchapter.

2.3. The ACC engine

The ACC engine is an engine in which it is possible to
change not only the compression ratio, but also the method
/ degree of expansion, which in a way influenced the intro-
duction of the name of the engine as a unit with an active
combustion chamber. It is the inherent ability of the ACC
engine to change the expansion ratio, which is practically
not used in the currently used engines. The favorable course
of the combustion process, and indirectly of charge ex-
change, characterized, inter alia, by the absence of detona-
tion combustion, obtained by controlling the compression
ratio, is mainly visible at very high maximum compression
ratios above 20:1 [20, 21]. However, the existing limita-
tions as to the possibility of increasing the overall efficien-
cy of the combustion process in the implementation of the
VCR strategy prompted the authors to consider the use of
the additional degree of freedom to control the combustion
process and charge exchange, which is provided by the
variable expansion ratio to increase the said efficiency.

Figure 1 shows schematically the principle of operation
of variable expansion in the ACC engine.

The diagram in Fig. 1 shows the essence of the ACC
engine operation using the four mutual positions of the
crank-piston system and the movable piston in the ACC
system. The first item is when ignition occurs. The second
is TDC, the characteristic position of the crank-piston sys-
tem with a slight displacement of the additional piston from
the ACC system. The third position is the maximum dis-
placement of the auxiliary piston from the ACC system and
a slight displacement of the crank/piston system. The last
fourth is the completion of essential ACC operation (reach-
ing the first minimum) of the engine cycle.
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Fig. 1. The principle of variable expansion in the ACC engine

Figure 2 showed changes in the compression ratio in an
engine with the ACC system within a fragment of one
working cycle. The changes in the compression ratio were
presented against the compression ratio values of the old
and new Sl engines, and the selected compression ratio
values determined by the control system, achievable in an
engine with a VCR system. The width of the blue lines
corresponds to the observed fluctuations in the CR value.

In the exemplary ACC engine, the compression ratio,
which the ACC automatically varied from a maximum of
17.5:1 to 16.7:1 over the compression stroke, changed by
only 0.8 per cycle without causing detonation in the ACC
engine cylinder. In the expansion stroke of the engine, the
changed CR value, due to the ACC system operation, even
reached the value of 13.2:1.

Fig. 2. CR changes in an engine with ACC within a portion of a single

working cycle against the background of constant CR values in old and

new Sl engines and fixed CR values actuated by the control system in an
engine with a VCR system

It can be seen from Fig. 2 that the concept of compres-
sion ratio regarding the ACC engine is strict, therefore the
concept of the maximum compression ratio CR .« has been
introduced. The maximum compression ratio is the com-
pression ratio the ACC engine being achieved with the

lowest position of the auxiliary piston in the ACC system
(Fig. 1), expressed by equation (1):

VS_*—chin VACC :
max = — (1)

Ve +V
Cmin ACCmin

CR

where: V, — displacement volume, Vcmin — the smallest
possible volume of the combustion chamber, Vaccmin —
volume of the combustion chamber at blocking pressure.

During the bench tests, to obtain the lowest position of
the additional piston in the ACC system, the blocking pres-
sure pl (i.e. the pressure at which the ACC system did not
operate) was used, the value of which was experimentally
determined to be equal to 14 bar, but it is not a constant
value, but rather a design value. Referring to Fig. 1, the
maximum compression ratio is to be understood as the
compression ratio corresponding to the relative position of
the auxiliary piston in the position in Fig. 1a and the posi-
tion of the main piston in the position of Fig. 1b. To main-
tain the safe operation of the ACC engine, the movement of
the additional piston was limited by the elastic support. As
a result, further increasing the blocking pressure would
cause a further, but only up to hundredths of a millimeter,
asymptotic movement of the auxiliary piston towards the
main piston, resulting in only a negligible increase in the
maximum compression ratio. Therefore, the use of the
wording VCR used in the understanding of the previous
designs of engines with a VCR system in relation to the
ACC engine must be considered inadequate. The displace-
ment of the additional piston in the ACC system during the
compression stroke is not constant not only under the con-
ditions of a fixed working cycle, but even within a segment
of such a cycle characterized by slight changes in pressure
in the cylinder, because it has an oscillating nature with an
amplitude that automatically adapts to the current pressure
conditions in the chamber combustion.

3. The indicator determining the correct operation
of the ACC engine

For the ACC engine, one indicator was distinguished,
which was called the main design parameter of the ACC
system, denoted by the symbol ys,. When introducing the
indicator sy, to the analysis, which is responsible for the
dynamic properties of the ACC system, it was assumed that
it should not be associated with the pressure unit.

The indicator ¢, Was defined by the ratio of the addi-
tional area in the combustion chamber expressed in cm? to
the mass expressed in kilograms of the complete additional
piston, i.e., also considering the masses of sealing rings and
O-rings connected to it. The indicator y¢,, was described by
equation (2).

2 2
Yem = 2 ~0.7854 1 )

where: s, — the indicator determining the correct operation
of the ACC engine [cm?/kg], d; — diameter of the additional
piston in the combustion chamber [cm], m — mass of the
additional piston [kq].

The diameter d; was shown in Fig. 3, while the other di-
ameter d, also shown therein was selected in such a way as
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to obtain the highest possible value of the indicator ysm
while ensuring good pneumatic support properties.

Fig. 3. Additional piston ACC system with its characteristic diameters d;
and d,

It should be added, it is desirable that its value does not
deviate from the number one hundred taken as the reference
value, since then the values of the phase shift after TDC
corresponding to obtaining the maximum displacement of
the ACC system piston with respect to the main piston were
close to the minimum. During the iterative numerical and
experimental design of an additional ACC system with an
additional piston made of aluminium alloys, a favourable
value of the indicator s, Was obtained, equal to 838 cmzlkg.
In the case of using magnesium alloys for this purpose, the
value of 100 cm?/kg was successfully exceeded even without
obtaining the optimal strength properties of the piston [16].

During several years of experimental research, it was al-
so noticed that for the proper engine functioning, the value
of the indicator ys,, should not be less than 75 cmZ/kg. Oth-
erwise, the reaction of the system will be so delayed that
the losses may outweigh the benefits, or, in the extreme
case, the engine cycle will be distorted (broken), which has
been observed many times during the tests.

This note does not apply to slow speed engines, i.e., not
exceeding 1200 rpm, where lower values may apply due to
the available cycle times, especially in large cylinders
above 1000 cm?®. In such cylinders, the concept of multiply-
ing the ACC system could also be possible or the use of
more favourable proportions in the system itself, due to the
amount of free space available in the cylinder head to be
used. However, this requires further research.

At the initial stage of the research, in one of the tested
ACC engines, solutions were applied in which the value of
the indicator v, Was less than 70 cm?/kg, or even less than
66 cm?kg, but the effects were completely destructive
additionally combined with uncontrolled detonations before
and after the TDC point. At the current stage of construc-
tion development, the indicator threshold v, = 88 cm?/kg
has been exceeded, thus the first positive results, for
a CRax Value above 19:1, were obtained.

The graph in Fig. 4 shows the values of the previously
and currently used values of the indicator ysy, and the range
of their effective use is marked with a black dashed line. It
should be emphasized that the black dashed line is an imag-
inary line, especially in the horizontal course of the value,

which is primarily the result of the research observation,
while its curvilinear part is a parabola reflecting uniformly
accelerated motion with the assumed initial speed of an
additional piston in the ACC system, calculated in a simpli-
fied mathematical model [16].

Fig. 4. The effect of the indicator ysm on the achieved maximum ACC
engine speed

It can be seen from Fig. 4 that the increase in value cor-
responds to an increase in maximum engine speed ACC,
but for that increased CR,,,, Values can also be obtained.
Unfortunately, the value of the main design parameter
should not be associated directly with CR,,. value, because
there is always such a value of CR.x beyond which the
phenomenon of detonation combustion occurs, caused by
exceeding the auto-ignition temperature during compres-
sion. The reaction time of the additional piston can be too
long to prevent such combustion even for the indicator sy,
values above 100 cm?/kg.

4. Materials and methods

The experimental tests were carried out on test stands
(engine dynamometers) in which two different types of
brakes were used, loading the tested ACC engines. The first
was a water brake that enabled smooth load regulation and
the use of wide range of loads and rotational speeds of the
tested engine. This type of brake was used to measure an
original air-cooled Fiat 126p twin cylinder Sl engine (652
cc, 18 kW/4500 rpm, 42 Nm/3200 rpm) with a modified
cylinder head incorporating an ACC system allowing
a CRpa = 17.5:1. The second brake, on the other hand, was
in the form of a generator (power generator) with known
characteristics, connected with resistors of specific resistance
and a voltmeter, enabling the load power to be determined.
Another brake was used to load the air-cooled CI engine
driving the original generator set PROTON OASIS-3. This
air-cooled single-cylinder direct injection (DI) diesel engine
(463 cc, 6.2 kW/6.8 kW at 3000 rpm) was modified to be Sl
one by introducing a cylinder head with the ACC system
enabling the achievement of CR;x = 18.5:1 and CR =
19.3:1 in a stepwise manner. The use of the existing genera-
tor set to load the tested engine caused a certain inconven-
ience, consisting in the fact that its operating range (rota-
tional speed) was electronically limited from the bottom,
which meant that the engine could only be loaded in the
speed range from 1750 rpm to 3750 rpm and only in this
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range it was possible to test ACC engines on the stand. On
both stands power, torque, and fuel consumption of the
investigated combustion engines were determined. For the
case of Fiat 126p engine it was also measured indicated
pressure and temperature of exhaust gases.

The simulation tests of the ACC engine operation were
performed with the use of proprietary software implement-
ed in the C++ environment. Detailed simulation model was
described in [16]. The mathematical model was based on
the standard physical zero-dimensional [4, 19, 24] engine
description with an additional mechanical oscillator [12, 31,
59]. The simulation model comprised over 200 parameters
to reflect engine geometry variables, physical gas constants
and their mixtures occurring in the ACC engine. The de-
scription of the model presented in this article was limited
to the field of Vibe’s [19] function application, modified by
Bonatesta et al. [9]. The modified Vibe’s function for the
ACC motor correctly defines the generated heat for up to
80% of the engine load [16].

5. Results and discussion

5.1. Rated parameters and engine exhaust gas
temperature

The values of specific fuel consumption (efficiency)
achieved during the tests for several selected engine speeds
and the rated load are shown in Fig. 5. The results are se-
lected from more favourable measurements and approxi-
mated to the assumed engine speeds. The line width was
associated with an error of measurement of +4%. Single
points where exceptionally good values of specific fuel
consumption were obtained were omitted due to the impos-
sibility of repeating the parameters of the mixture composi-
tion due to the carburettor supply system.

The specific fuel consumption values are shown in three
colors in Fig. 5. Dark green color indicates the results
achieved in the air-cooled four-stroke ACC engine with the
maximum compression ratio CRs = 17.5:1 and the largest
range of engine speeds from 750 to 3750 rpm. In the case of
this graph, it is worth noting the minimum speed of the
ACC engine.

The light green color was used for the engine with the
maximum compression ratio CR .« = 18.5:1, while the blue
color was for the engine with CR.« = 19.3:1, i.e., with the
highest compression ratio used during the tests. Such a high
value of the compression ratio was achieved by rebuilding
the diesel engine from a power generator with a CR =
20.5:1. As mentioned earlier, the rotational speed was lim-
ited by the electronic system cooperating with the generator
(power generator) to a value of 3650 rpm. Therefore, during
the tests, the speed value of 3500 rpm was adopted as a safe
value. Using the base 1.5L four cylinder DVVT engine
supplied with gasoline and the same engine with dual shaft
control variable compression ratio (DSC-VCR) Lin et al.
[28] conducted comparative studies for the 3 cases: the
maximum torque case with 1750 rpm (case 1), the maxi-
mum power case with 5500 rpm (case 2), and the high
efficiency case with 2300 rpm and a 75% load (case 3). For
the consecutive case numbers, the BSFC was equal to 260,
330 and 220 Nm, respectively. The DSC-VCR decreased
BSFC by about 6.19%, 8.07%, and 8.67% in comparison to

the base engine for each case. Under case 1 the BSFC was
close or lower compared to the cases of ACC engines ana-
lyzed in the present study.

Fig. 5. The specific fuel consumption (BSFC) as a function of rotational
speed for three CRyax values in the ACC engine

Another parameter which is important from the point of
view of the ACC engine as a power generating device is its
power to displacement ratio (power related to one liter of
cubic capacity), as shown in Fig. 6. Obtained values of such
a ratio did not exceeded value of 25 kW/L. In this case, the
ACC engine in the previous two-valve versions without the
variable valve timing system and turbo boost should be
compared with naturally aspirated engines up to approxi-
mately 3750 rpm. When this value is exceeded, the torque
starts to drop significantly, making the engine less efficient
due to the falling in cylinder filling.

Fig. 6. Power for the maximum torque of the ACC engine with a dis-
placement of one liter obtained for three CRax values

For better illustration of the ACC engine ratings, Fig. 7
showed the full loaded engine torque to displacement ratio
(engine torque related to one liter of displacement) in func-
tion of engine speed. Obtained values of such ratio did not
exceeded value of 82 Nm/L.

For the comparison during mentioned studies using base
1.5 L four-cylinder DVVT engine supplied with gasoline
and the same engine with dual shaft control variable com-
pression ratio (DSC-VCR) [28] the engine torque was equal
to 210, 190 and 155 Nm, for the case 1, case 2, and case 3,
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respectively. These values related to the consecutive values
of the loaded engine torque to displacement ratio including
140, 126 and 103 Nm/L, respectively. For the case 1 such
values were 1.4-1.9-fold higher compared to the cases of
ACC engines analyzed in the present study. The DSC-VCR
increased the torque by about 6.57%, 4.81%, and 6.19% in
comparison to the base engine for each case.

Fig. 7. Full load torque for the ACC engine with a displacement of one
liter obtained at different maximum compression ratios

Another parameter for assessing the operating ACC en-
gine was the exhaust gas temperature measured close to the
exhaust valve, i.e., at a distance not exceeding 100 mm
from the valve surface in the cylinder, shown in Fig. 8. It
was noticed that the maximum exhaust temperature meas-
ured at this point did not exceed 530°C at full engine load,
while the temperature measured in the base engines was
greater than 150°C to 350°C at the same load and rotational
speed. For the comparison during studies on the movable
cylinder block VCR and multi-fuel 660 cc engine with
a maximum power of 3.7 kW supplied with gasoline, the
exhaust gas temperature values vary in range 720-820°C
for the CR = 7:1, in range 700-800°C for the CR = 8.5:1,
and in range 660-770°C for the CR = 10:1, respectively.
The highest values of the exhaust gas temperature were
observed for the lowest brake power values for all CR val-
ues studied [44].

Fig. 8. Exhaust gas temperature measured in the ACC engine as a function
of engine speed for maximum engine torque and various compression
ratios

5.2. Indicator charts

The selected four indicator plots shown in Fig. 9 to Fig.
12 include the results of research work on the ACC engine
with CR.x = 17.5:1. The choice was made due to two pa-
rameters: the load of at least 80% and the rotational speed,
because the mutual relation of these parameters has a deci-
sive influence on the course of the pressure indicated in the
engine cylinder.

The diagram in Fig. 9 is an example of the indicator
pressure course with the greatest influence of the ACC
system, which is mainly due to the low engine speed and
good dynamic properties of the ACC system, because the
value of the indicator v, used in the measurements was of
about 80 cm?/kg. The indicated pressure course was charac-
terized by flattening responsible for energy recuperation by
the ACC system.

Fig. 9. Indicated pressure in the ACC engine under CRma = 17.5: 1 at
engine speed of 1000 rpm

This flattening gradually faded away as the speed in-
creased, as shown in the subsequent graphs of Fig. 10 and
Fig. 11. For an engine speed above 4000 rpm, the recupera-
tion effect disappeared due to the decreasing displacement
of the additional piston in the ACC system and increasing
delays in its return.

Fig. 10. Indicated pressure in the ACC engine under CRyax = 17.5: 1 at
engine speed of 1900 rpm

In Figure 11, the influence of the ACC system at
a speed of 3750 rpm became barely visible. This rotational
speed can be considered a limiting one, because after ex-
ceeding it, only the registered movement of the additional
piston indicated that the ACC system was active.
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Fig. 11. Indicated pressure in the ACC engine under CRpx = 17.5: 1 at
engine speed of 3750 rpm

Figure 12 shows the influence of the ACC system on the
smooth running of the engine — pressure amplitude. It
shows the indicated pressure graph (green) and the corre-
sponding phase shift of the additional piston (APPS) in the
ACC system in relation to the engine piston (deep pink).
The diagrams clearly correlate with each other: the higher
amplitude of the indicated pressure always corresponds to
the higher amplitude of the lift of the additional piston in
the ACC system. Of course, the degree of self-regulation
carried out in a single cycle by the ACC system depends
primarily on several parameters, which include: the main
design parameter, engine speed, and pressures p; acting on
area (nd;%)/4 of the upper surface of additional piston and p,
acting on area (nd,” — d,%)/4 of its bottom surface being
outside the area affected by gas pressure in the engine cyl-
inder [16].

The ACC system, operating in accordance with the dia-
gram in Fig. 1, increases the volume of the combustion
chamber mainly on the expansion stroke. The magnitude of
this change depends on the pressure amplitude in the cylin-
der. Thus, higher pressure is accompanied by a greater
change in volume caused by the ACC system, and the final
consequence is a reduction in the very amplitude of the
pressure in the cylinder during the combustion process. At
this point it should be noted that this specific amplitude

equalization is an essential feature of the ACC engine and
takes place whenever there is a reaction of the ACC system.
The best results are achieved at low engine speeds and in
such conditions the differences for the same dose of the air-
fuel mixture are reduced to 1%.

Fig. 12. Influence of the ACC system on the uniformity of indicated
pressure amplitudes

6. Summary

The ACC engine allows avoiding detonation combus-
tion without changing the amount and composition of the
combustible mixture, and even without delaying the igni-
tion advance angle. It allowed also to obtain lower fuel
consumption and temperature of exhaust gas compared to
the case of the combustion engines with fixed CR values.
With enhancement of CR values for ACC engine it was
observed a decrease of specific fuel consumption and tem-
perature, end increase of volumetric torque and volumetric
power indicators in whole range studied of engine speeds.
In addition, the possible range of control of the combustion
process allowed the ACC engine to operate with different
types of hydrocarbon fuels, for example, in the form of
petrol with various alcohol admixtures, as described in [53,
57]. The very intense flow of the combustible mixture in-
side the cylinder of the ACC engine allowed describing the
combustion in the ACC engine with zero-dimensional
mathematical models with the dual Vibe function providing
the proper characterization of the heat release process [20].
The use of very high maximum compression ratios allows
the ACC engine to operate to a certain extent as an HCCI
engine with high lambda coefficients.

Nomenclature

ACC active combustion chamber

BDC bottom dead center

Cl compression ignition

CR  compression ratio

HCCI homogeneous charge compression ignition
APPS additional piston phase shift

Si spark igniton

TDC top dead center

VCR variable compression ratio
VVA variable valve actuation
VVT variable valve timing

Bibliography

[1] Abdel-Rahman AA, Osman MM. Experimental investigation
of varying the compression ratio of SI engine under different
ethanol—gasoline fuel blends. Int J Energy Res. 1997;21(1):
31-40.
https://doi.org/10.1002/(SICI)1099-
114X(199701)21:1%3C31::AID-ER235%3E3.0.CO;2-5

[2] AinaT, Folayan CO, Pam GY. Influence of compression ratio
on the performance characteristics of Sl engine. Adv Appl Sci
Res. 2012;3(4):1915-1922.

[3] Al-Baghdadi S, Maher AR. Effect of compression ratio,
equivalence ratio and engine speed on the performance and
emission characteristics of Sl engine using hydrogen as a fuel.
Renew Energy. 2004;29(15):2245-2260.
https://doi.org/10.1016/j.renene.2004.04.002

10

COMBUSTION ENGINES, 2023;194(3)



Study on selected parameters of engine with the active combustion chamber

(4]

(5]

(6]

[7]

8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

Aldikas AC. Heat transfer characteristics of a spark-ignition
engine. J Heat Transfer. 1980;102(2):189-193.
https://doi.org/10.1115/1.3244258

Babagiray M, Kocakulak T, Ardebili SMS, Calam A, Solmaz
H. Optimization of operating conditions in a homogeneous
charge compression ignition engine with variable compression
ratio. Int J Environ Sci Te. 2022;9:1-22.
https://doi.org/10.1007/s13762-022-04499-9

Bas O, Akar MA, Seri H, Ozcanli M. Performance of an Sl
engine with different spark plugs, VCR and H2 addition.
Sigma J Eng Nat Sci. 2020;38(4):1951-1961.
https://sigma.yildiz.edu.tr/article/149

Basu D, Phulli S, Kotebavi V. Performance analysis of a VCR
Sl engine using petrol alcohol blends. 2014 Power and Energy
Systems: Towards Sustainable Energy. 2014:1-5.
https://doi.org/10.1109/PESTSE.2014.6805264

Beroff J. Internal combustion engine with variable capacity
and compression ratio. European Patent EP20010400802.
2005.

Bonatesta F, Waters B, Shayler PJ. Burn angles and form
factors for wiebe function fits to mass fraction burned curves
of a spark ignition engine with variable valve timing. Int J En-
gine Res. 2010;11(2):177-186.
https://doi.org/10.1243/14680874JER05009

Brevick J. Design and development of a pressure reactive
piston (PRP) to achieve variable compression ratio. Depart-
ment of Energy Contract FC02-99EE50576, Final Technical
Report 2000:44-49.

Brevick JE. Variable compression ratio piston. US Patent
5755192A. 1998.

Brzeski P, Pavlovskaia E, Kapitaniak T, Perlikowski P. The
application of inerter in turned mass absorber. Int J Nonlinear
Mech. 2015;70:20-29.
https://doi.org/10.1016/j.ijnonlinmec.2014.10.013

Caris DF, Nelson EE. A new look at high compression en-
gines. SAE Technical Paper 590015. 1959.
https://doi.org/10.4271/590015

Clarke JR, Tabaczynsky RJ. Internal combustion engine with
adjustable compression ratio and knock control. US Patent
6135086A. 2000.

Dasore A, Rajak U, Panchal M, Reddy VN, Verma TN,
Chaurasiya PK. Prediction of overall characteristics of a dual
fuel CI engine working on low-density ethanol and diesel
blends at varying compression ratios. Arab J Sci Eng. 2022;
2:1-8. https://doi.org/10.1007/s13369-022-06625-8
Dabrowski A, Glogowski M, Kubiak P. Improving the effi-
ciency of four-stroke engine with use of the pneumatic energy
accumulator-simulations and examination. Int J Automot
Techn. 2016;17:581-590.
https://doi.org/10.1007/s12239-016-0058-1

Ferrey P, Miehe Y, Constensou C, Collee V. Potential of a
variable compression ratio gasoline SI Engine with very high
expansion ratio and variable valve actuation. SAE Int J En-
gines. 2014;7(1):468-487.
https://doi.org/10.4271/2014-01-1201

Ganji PR, Vysyaraju RKR, Surapaneni SR, Kumar BK. En-
hancement of combustion characteristics of VCR diesel en-
gine by optimizing engine parameters. SN Appl Sci.
2021;3(8). https://doi.org/10.1007/s42452-021-04739-6
Ghojel JI. Review of the development and applications of the
Wiebe function: A tribute to the contribution of lvan Wiebe to
engine research. Int J Engine Res. 2010;11(4):297-312.
http://dx.doi.org/10.1243/14680874JER06510

Glogowski M, Kubiak P, Sari¢ Z, Barta D. New theoretical
cycle for active combustion chamber engine. The Archives of
Automotive Engineering. 2019;83(1):23-42.
https://doi.org/10.14669/AM.VOL83.ART2

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Glogowski M, Kubiak P, Szufa S, Piersa P, Krukowski M.
The use of the Fourier series to analyze the shaping of ther-
modynamic processes in heat engines. Energies. 2021;
14(8):2316. https://doi.org/10.3390/en14082316

Gooijer LHD. A reciprocating piston mechanism. European
Patent EP2620614 Al. 2013.

Hammermueller B, Orlowsky K, Hanciogullari D, Pischinger
S. Experimental analysis of the system behavior of a two-
stage variable compression ratio (VCR) system in fired SI-
engine operation. Int J Engine Res. 2022;23(10):1619-1633.
https://doi.org/10.1177/14680874211032382

Heywood JB. Internal combustion engine fundamentals, 2nd
ed. New York: McGraw-Hill; 2018.

Hiyoshi R, Aoyama S, Takemura S, Ushijima K, Sugiyama T.
A study of a multiple-link variable compression ratio system
for improving engine performance. SAE Technical Paper
2006-01-0616. 2006. https://doi.org/10.4271/2006-01-0616
Joshi MP. Variable compression ratio (VCR) engine — a
review of future power plant for automobile. Int J Mech Eng
Res Develop. 2012;2(1):9-16.

Kumar C, Rana KB, Tripathi B. Effect of diesel-methanol-
nitromethane blends combustion on VCR stationary Cl engine
performance and exhaust emissions. Envir Sci Pollut R. 2019;
26(7):6517-6531.
https://doi.org/10.1007/s11356-018-04058-1

Lin J, Yang S. A predictive study of a new VCR engine with
high expansion ratio and high-efficiency potential under
heavy load conditions.  Energies.  2020;13:1655.
https://doi.org/10.3390/en13071655

Lopez 1J, Garcia A, Monsalve-Serrano J, Cogo V, Wittek K.
Potential of a two-stage variable compression ratio downsized
spark ignition engine for passenger cars under different driv-
ing conditions. Energ Convers Manage. 2020;203:112251.
https://doi.org/10.1016/j.enconman.2019.112251

Manimaran R, Mohanraj T, Venkatesan M. ANN modeling
for forecasting of VCR engine performance and emission pa-
rameters fueled with green diesel extracted from waste bio-
mass resources. Envir Sci Pollut R. 2022;29(34):51183-
51210. https://doi.org/10.1007/s11356-022-19500-8
Meirovitch L. Fundamentals of Vibrations; McGraw-Hill.
New York, USA, 2001.

Mendler C. High-efficiency VCR engine with variable valve
actuation and new super-charging technology. Final Report of
the NETL Contract Number DE-EE0005981. 2018.
https://doi.org/10.2172/1545742

Meyer M, Frank VDS. Internal combustion reciprocating
piston engine. European Patent EP1811151 A2. 2007.

Moteki K, Aoyama S, Ushijima K. A study of a variable
compression ratio system with a multi-link mechanism. SAE
Technical Paper 2003-01-0921. 2003.
https://doi.org/10.4271/2003-01-0921

Moteki K, Fujimoto H, Aoyama S. Variable compression ratio
mechanism of reciprocating internal combustion engine. US
Patent 6505582 B2 2003.

Murugapoopathi S, Ramachandran T, Rajaganapathy C.
Theoretical performance on energy and exergy analysis of
methyl esters of rubber seed oil fueled on supercharged VCR
engine. Environ Dev Sustain. 2022;8:1-20.
https://doi.org/10.1007/510668-022-02642-7

Nayyar A, Sharma D, Soni S, Mathur A. Experimental inves-
tigation of performance and emissions of a VCR diesel engine
fueled with n-butanol diesel blends under varying engine pa-
rameters. Environ Dev Sustain. 2017;24(25):20315-20329.
https://doi.org/10.1007/s11356-017-9599-8

Nuthan PBS, Pandey JK, Kumar GN. Impact of changing
compression ratio on engine characteristics of an Sl engine

COMBUSTION ENGINES, 2023;194(3)

11



Study on selected parameters of engine with the active combustion chamber

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

fueled with equivolume blend of methanol and gasoline. En-
ergy. 2020;191:116605.
https://doi.org/10.1016/j.energy.2019.116605

Ozcan V, Yamin JAA. Performance and emission characteris-
tics of LPG powered four stroke Sl engine under variable
stroke length and compression ratio. Energ Convers Manage.
2008;49:1193-1201.
https://doi.org/10.1016/j.enconman.2007.09.004

Qasemian A, Haghparast SJ, Azarikhah P, Babaie M. Effects
of compression ratio of bio-fueled SI Engines on the thermal
balance and waste heat recovery potential. Sustainability.
2021;13(11):5921. https://doi.org/10.3390/su13115921
Rakopoulos DC, Rakopoulos CD, Giakoumis EG, Kosmada-
kis GM. Numerical and experimental study by quasi-
dimensional modeling of combustion and emissions in varia-
ble compression ratio high-speed spark-ignition engine. J En-
erg Eng. 2021;147(5):1-22.
https://doi.org/10.1061/(ASCE)EY.1943-7897.0000780
Rapan G, Rapan I. Variable compression ratio engine. Roma-
nian Patent RO115662B. 2000.

Riley MB. Internal Combustion Engine with Variable Com-
bustion Chambers and Increased Expansion Cycle, US Patent
5341771 A. 1994.

Rinu T, Sreesankaran M, Jeevan J, Dileep MP, Manjunath P.
Experimental evaluation of the effect of compression ratio on
performance and emission of Sl engine fueled with gasoline
and n-butanol blend at different loads. Perspectives in Sci-
ence. 2016;8:743-746.
https://doi.org/10.1016/j.pisc.2016.06.076

Roberts M. Benefits and challenges of variable compression
ratio (VCR). SAE Technical Paper 2003-01-0398. 2003.
https://doi.org/10.4271/2003-01-0398

Roy A, Mishra C, Jain S, Solanki, N. A new design to achieve
variable compression ratio in a spark ignition engine. Innova-
tive Design, Analysis and Development Practices in Aero-
space and Automotive Engineering (I-DAD 2018) 2018;2:
388-396. https://doi.org/10.1007/978-981-13-2718-6_37
Shaik A, Moorthi NSV, Rudramoorthy R. Variable compres-
sion ratio engine: a future power plant for automobiles — an
overview. P | Mech Eng D-J Aut. 2007;221(D9):1159-1168.
https://doi.org/10.1243/09544070JAUTO573

Shetty S, Jose A, Shrinivasa RBR. Comparison of perfor-
mance and combustion analysis of a VCR Sl engine using au-
dio transducers. Mater Today-Proc. 2021;46(7):2798-2806.
https://doi.org/10.1016/j.matpr.2021.02.603

Rao SG, Paul PJ, Mukunda HS. Biomass derived producer
gas as a reciprocating engine fuel — an experimental analysis.
Biomass Bioenerg. 2001;21:52-72.
https://doi.org/10.1016/S0961-9534(01)00014-9

Michal Glogowski, DEng. — Faculty of Process and

Environmental Engineering,

Lodz University of

Technology, Poland.
e-mail: michal.glogowskip.lodz.pl

Siczek Krzysztof, DSc. DEng. — Department of
Vehicles and Fundamentals of Machine Design,
Lodz University of Technology, Poland.

e-mail: ks670907@p.lodz.pl

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

Takahashi N, Aoyama S, Moteki K, Hiyoshi R. A study con-
cerning the noise and vibration characteristics of an engine
with multiple-link variable compression ratio mechanism.
SAE Technical Paper 2005-01-1134. 2005.
https://doi.org/10.4271/2005-01-1134

Takalkar M, Khan I. Study of variable compression ratio
engine (VCR) and different innovations to achieve VCR. In-
ternational Journal for Research in Applied Science and Engi-
neering Technology. 2017;5(11):1473-1478.
https://doi.org/10.22214/ijraset.2017.11213

Tomar SK, Mishra R, Bisht S, Kumar S, Saxena G. Design of
variable length connecting rod for VCR engine. International
Journal of Engineering Research and Applications (IJERA)
2014, Special Issue: International Conference on Emerging
Trends in Mechanical and Electrical Engineering (ICETMEE)
13th-14th March 2014, 280-285.

Topgiil T, Yiicesu H, Cinar C, Koca A. The effects of etha-
nol-unleaded gasoline blends and ignition timing on engine
performance and exhaust emissions. Renew Energ. 2006;
31(15):2534-2542.
https://doi.org/10.1016/j.renene.2006.01.004

Wittek K, Geiger F, Andert J, Martins M, Cogo V, Lanzanova
T. Experimental investigation of a variable compression ratio
system applied to a gasoline passenger car engine. Energ
Convers Manage. 2019;183:753-763.
https://doi.org/10.1016/j.enconman.2019.01.037

Wong VW, Stewart M, Lundholm G, Hoglund A. Increased
power density via variable compression/displacement and tur-
bocharging using the al-var-cycle engine. SAE Technical Pa-
per 1998-981027. 1998. https://doi.org/10.4271/981027

Wos P, Kuszewski, H, Ustrzycki A. Exhaust emission features
of variable compression ratio (VCR) diesel engine. Journal of
KONES Powertrain and Transport. 2010;17(3):3-6.

Yiicesu SH, Topgiil T, Cinar C, Okur, M. Effect of ethanol-
gasoline blends on engine performance and exhaust emissions
in different compression ratios. Appl Therm Eng. 2006;26(17-
18):2272-2278.
https://doi.org/10.1016/j.applthermaleng.2006.03.006

Yuh M, Tohru G. The effect of higher compression ratio in
two-stroke engines. Yamaha Motor Co Ltd. SAE 2008-
931512:355-362.

Zhan YL, Wan BY, Wang XZ, Hu YH. A simulation model
for the main engine of the modern container ship. Machine
Learning and Cybernetics. Proc. IEEE 2004 Int. Conf. 2004;
5:2996-3002. https://doi.org/10.1109/ICMLC.2004.1378546

Wozniak Marek, DEng. — Department of Vehicles
and Fundamentals of Machine Design, Lodz Univer-
sity of Technology, Poland.

e-mail: marek.wozniak.1@p.lodz.pl

Tomasz Szydlowski, DEng. — Department of Vehi-
cles and Fundamentals of Machine Design, Lodz
University of Technology, Poland.

e-mail: tomasz.szydlowski@p.lodz.pl

12

COMBUSTION ENGINES, 2023;194(3)



Article citation info:

Szymanski GM, Cywka B, Mokrzan D, Prokopowicz W. Estimation of fuel consumption in a jet engine based on vibration signal
parameters. Combustion Engines. 2023;194(3):13-20. https://doi.org/10.19206/CE-166278

Grzegorz Marek SZYMANSKT
Barttomiej CYWKA

Daniel MOKRZAN

Wojciech PROKOPOWICZ

Polish Scientific Society of Combustion Engines

Estimation of fuel consumption in a jet engine based on vibration signal
parameters

ARTICLE INFO
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obtained were verified, after which those that best describe the real fuel consumption of the engine were
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increasing the economics of engine operation.
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1. Introduction

Today, one of the requirements of machines is to
achieve the highest possible levels of efficiency. For ma-
chines with rotating components, this problem is often
optimised by increasing their rotational speed [22]. Due to
the impossibility of perfectly balanced rotors, some energy
is converted into oscillations [1, 14, 19]. Unwanted oscilla-
tions can cause damage or failure, so it is important to mon-
itor them properly at all times. The analysis of vibration
measurements of equipment, characterised not only by the
high precision in determining the damaged components and
the type of damage [7, 26, 31], but also by the possibility of
continuously monitoring their condition [21]. In addition,
the analysis of the vibroacoustic signal can be used to de-
termine the operating parameters of the machinery. In the
papers [4, 24, 32] the authors proposed using the time-
frequency representation of the vibration signal to deter-
mine the instantaneous shaft speed of the wind turbine
gearbox and the internal combustion engine. The authors of
the study presented in [13] showed that the use of a vi-
broacoustic signal and wavelet transformation can be used
to identify the composition of the fuel used to power the
engine. However, in this article, the authors have proposed
the use of vibration signal parameters to estimate the fuel
consumption of a GTM-400 miniature turbine jet engine.

Currently, many methods have been developed to meas-
ure the mass flow rate of fluids. Referring to the work [28]
flow meters can be divided into four groups, depending on
the parameter directly measured by them, i.e.: velocity, vol-
ume, mass, indirect parameters (e.g. differential pressure).

Most for the methods of measuring fluid output affect
the pressure drop of the flowing fluid [11]. In addition, each
of these methods requires the installation of dedicated sen-
sor in a strictly defined location on the equipment, which
increases the complexity of the design, production costs,
and machine operation [5, 18]. The method proposed in this
paper allows the use of a vibroacoustic signal, nowadays
increasingly used for diagnostic purposes [3], to estimate
the mass intensity of the fuel that feeds a turbine engine.

The advantages of using this method to determine fuel flow
rate are the high accuracy of the estimation, the lack of
interference with the fluid flow, and the increased economy
of the design.

2. Vibration test methods for aircraft engines

Nowadays for most aircraft engines in service by condi-
tion, it is essential to collect data on the vibration of its
components [10, 20]. In paper [29], the author proposed
a classification of vibration transducers according to the
measured parameter (displacement, velocity, acceleration),
the need for power supply (active and passive transducers),
the relative or absolute measurement of vibrations and the
contact or lack thereof with the object under test. Each
transducer has its limitations, related to its operating princi-
ple. Turbine engines, due to their high rotor speeds, are
characterised by high-frequency vibrations, and therefore
the most accurate measurements of their vibrations are
obtained using accelerometers. The most commonly used
acceleration sensor is a piezoelectric crystal. These sensors
produce an electrical signal in response to dynamic loads;
however, due to the high impedance of the system, piezoe-
lectric sensors require converters to transform the signal
into one suitable for the rest of the system [1, 2].

With device-mounted vibration transducers, the strong-
est signal and one with the least interference can be ob-
tained at or as close to the rotating component as possible.
For design reasons, this is often not feasible. The solution
that gives the best results, as presented in the [19, 30]
works, is to test vibrations in the motor bodies, in the im-
mediate vicinity of the bearings.

All machine-mounted transducers have their own mass;
for vibration measurements of lightweight structures, the
mass of the sensors can affect the results obtained. Some
machines, due to their design, do not allow the use of vibra-
tion transducers mounted on their structure. In these cases,
the use of noncontact vibration sensors is justified. Most
noncontact vibration sensors operate on the principle of emit-
ting and receiving laser light reflected from the structure [33].
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The use of a vibroacoustic signal in the machine diag-
nosis process enables the detection of malfunctions before
they lead to damage and allows the indication of faulty
components. This reduces operating costs by reducing the
frequency of servicing, replacement of individual engine
units, and faster removal of malfunctions. In addition, con-
tinuous inspection of the aircraft structure results in in-
creased flight safety and, through more efficient use of
engine components, reduces the negative impact on the
environment [6, 16].

3. Research methodology

The subject of the study was a GTM-400 miniature tur-
bine jet engine with a thrust of 400 N, built on a test stand.
The engine has a single-rotor design. There is a single 14-
blade radial compressor stage on the shaft and a single-
stage 23-blade axial turbine. The engine has an annular
combustion chamber with backflow and an uncontrollable
convergent nozzle. The rotor is supported by two ball bear-
ings. An electric starting system, fuel pump, engine control
module, and battery are built into the engine. The maximum
engine speed is 80,000 rpm. The following sensors were
placed on the test stand: temperature and pressure of the
working medium, engine thrust and mass intensities of fuel
and air. The engine diagram is shown in Fig. 1.

Fig. 1. Diagram of the GTM-400 motor with schematic representation of
the accelerators 1, 2

To test the vibration parameters of the motor, three
'TYPE 4391' piezo transducers from Briiel & Kjar were
attached to the body and test stand. CCLD transducers
'TYPE 2647' also from Briiel & Kjear were used for imped-
ance matching of the sensors. Picture of the engine with the
transducers attached to it is shown in Fig. 2.

The use of uniaxial transducers was necessary due to the
high temperatures reached by the surfaces to which the
sensors were attached [25]. Accelerometers were screwed
onto pads previously glued to the test object. Cyanoacrylate
adhesive was used. The method used to attach the transduc-
ers allows for correct measurements to be obtained and
does not require interference with the engine structure. The
disadvantages of the method used include the need for
a prior preparation of the surface to be bonded and tempera-
ture limitations related to the properties of the glue [27].
Transducers process the vibration signal in the axis perpen-
dicular to test stand. Transducer 1 was mounted in the fan
bearing plane. In order to measure vibrations in the same
axis as transducer 1, transducer 2 was not mounted in the
plane of the turbine bearing, but as close as possible to the
turbine. Transducer 1 is significantly larger than the other

because the adapter that was previously mounted to it has
been left on. The adapter does not affect the operation of
the transducer, it was not removed for service reasons — to
avoid wear on the accelerometer threads. The test bench
shown in Fig. 2 is not a proposal for a fully developed sys-
tem and is only used to investigate the possibility of using
vibroacoustic parameters to estimate fuel consumption.

Fig. 2. Location of accelerometers on the test bench
4. Analysis of research results

4.1. Results of fuel consumption measurements

Research into the estimation of the fuel consumption of
a jet engine required measuring the amount of fuel deliv-
ered to the combustion chamber. The engine control system
was used to measure this amount. Measurements were
made at a sampling rate of 10 Hz and performed for seven
operating settings of the engine. The results in Table 1 are
the averages of 100 measurements.

Table 1. Results of jet engine fuel consumption measurements

Setup Fuel Deviation
of engine consumption of fuel consumption
power [ml/min] [ml/min]
1 240.26 3.48
2 378.08 3.29
3 469.87 5.75
4 587.86 6.12
5 769.99 531
6 1043.17 5.20
7 1135.20 10.12

4.2. Analysis of vibration measurement results

One method of describing vibration signals in the ampli-
tude domain is the use of point measures [9, 12, 19]. They
allow the vibration signal to be characterised by a single
number. Thanks to this description of the vibration parame-
ters, it is easy to determine changes in the vibroacoustic
signal resulting from changes in the state of the object.
Point measures used in vibroacoustic diagnostics can be
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divided according to the work [8] into dimensions and
dimensionless. The dimensional point measures most com-
monly used for analysis include [9, 17]:

— effective amplitude:

srus = [ 20 (1)’ (1)

where: s; is instantaneous signal value, N is number
of signal samples analysed.

Takes greater account of large values of instantaneous
amplitude, is sensitive to the occurrence of high amplitudes
and is the most commonly used point measure due to its
proportionality to process power. In view of the previous
points, and the fact that high power processes occur at the
test points, for the purposes of this study, RMS describes
the processes taking place better than average amplitude,

— peak amplitude:

speak = max|(s;)| 2
is used to evaluate impulse processes, e.g. clearance, im-
pact, etc.

Dimensionless discriminants are quotients of the corre-
sponding dimensional score measures, they include, but are
not limited to, the following:

— crest factor:
CF — SPEAK (3)

SRMS
— kurtosis:
B_ %Zil(si)‘}
- 2
[Noiie?]

(4)

Figure 3 shows the time course of the vibration acceler-
ation signals recorded during the jet engine tests.
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Fig. 3. Time history of vibration signals: a) recorded on the fan bearing
axis, b) recorded on the turbine bearing axis

The red rectangles indicate the time windows in which
the signal was analysed for different motor operating set-
tings. The results of the point measure calculations for the
vibration accelerations recorded in the fan bearing axis are
shown in Table 2.

Table 2. Measurement results of vibration acceleration parameters record-
ed in the fan bearing axis

Setup Crest Kurtosis ApEAK arms
of engine Factor [ [m/s]? [m/s]?
power [-]
1 5.48 3.09 54.33 9.92
2 4.98 2.96 114.04 25.39
3 4.43 2.84 264.05 60.09
4 2.99 1.93 538.30 179.80
5 3.85 244 892.45 269.36
6 3.10 2.05 1365.59 462.34
7 2.46 1.72 2082.55 851.68

Figure 4 shows the variation of the vibration accelera-
tion parameters (recorded on the fan bearing axis) as
a function of the engine fuel consumption at different oper-
ating points.
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Fig. 4. Dependence of point measures of vibration signals a) RMS,
b) PEAK, c) Crest Factor, d) Kurtosis, recorded in the fan bearing axis on
fuel consumption
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The results of the point measure calculations for the vi-
bration accelerations recorded on the turbine bearing axis
are shown in Table 3.

Table 3. Results of measurements of vibration acceleration parameters
recorded on the turbine bearing axis

Setup Crest Kurtosis apeak arms
of engine Factor [-] [mis]? [m/s]?
power [-]
1 5.62 331 139.58 24.89
2 4.47 2.87 333.85 74.71
3 473 294 579.82 122.53
4 4.66 2.88 852.26 203.27
5 4.38 2.68 1280.56 312.64
6 4.07 271 1816.91 454.68
7 4.42 2.93 2730.94 617.68

Changes in vibration acceleration parameters (recorded
on the turbine bearing axis) in relation to the fuel consump-
tion of the engine at different operating points are shown
in Fig. 5.
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Fig. 5. Dependence of point measures of vibration signals a) RMS,
b) PEAK, c) Crest Factor, d) Kurtosis, recorded at the turbine bearing axis
on fuel consumption

Based on an analysis of Fig. 4 and 5, it was concluded
that, for further research, agms and speax Measures will be

used, as the values of the kurtosis and crest factor do not
meet the conditions of the explanatory variable in the mod-
elling process (unambiguity and sufficient width of the field
of change relative to the explanatory variable).

4.3. Fuel consumption modelling

One method to find the relationship between dependent
and independent variables is to develop a model using sta-
tistical analysis tools. Least squares regression analysis is
most commonly used to develop models, which in the gen-
eral case can be written with the equation [23]:

Y=X-B+¢ (5)

where: Y — vector of explanatory variable, p — vector of
model coefficients, X — matrix of the explanatory variables,
g is the i-th noise term, that is, random error.

The study proposed five models described by equations
(6-10). The models were named as follows: powerl — equa-
tion (6), power2 — equation (7), pollyl — equation (8), pol-
ly2 — equation (9), expl — equation (10).

FCPover! (a) = B, - a2 (6)
FCPover2(a) = B, - afz + Bs (7
FCPY (a) = By -a + B, (8)
FCPoY2(a) = B, -a> + B, a+ B3 )

FC#P(a) = B, - exp(B; - ) (10)

where: FC is fuel consumption, a is parameter of vibration
acceleration, §3; are model coefficient.

The results of modelling using the RMS value of vibra-
tion accelerations recorded at the fan bearing axis are
shown in Fig. 6, while a graphical interpretation of the
modelling results, in which the explanatory variable was the
peak value of vibration accelerations, is shown in Fig. 7.
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Fig. 6. Relationship between the fuel consumption of the tested jet engine
and the RMS value of the vibration acceleration recorded on the fan bear-
ing axis

Figure 8 shows the results of the modelling using an ex-
planatory variable in the form of the RMS value of the
vibration accelerations recorded on the turbine bearing axis,
and Fig. 9 shows a graphical interpretation of the modelling
results using the peak value of the vibration accelerations.
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Fig. 7. Relationship between the fuel consumption of the tested jet engine
and the maximum value of vibration accelerations recorded on the fan

4.4. Verification of the models

Regression models determined by the least squares
method should be statistically verified. The verification
of the determined models was caried out by determining
a series of statistics. First, the degree of fit of the model
to the real data was determined. For this purpose, the coef-
ficient of determination R? was determined, which indicates
how much of the variability in the explained variable was
explained by the model. As part of the model verification,
statistical tests were performed to verify the significance of
the regression model coefficients using Snedecor's F distri-
bution. On the other hand, the Student's t distribution was
used to test hypotheses to determine the significance of
individual regression coefficients [15]. During the regres-
sion model verification process, a significance level of 0.05
was assumed. It was determined that a regression model
would be positively verified if: the coefficient of determina-
tion is greater than or equal to 0.80, the model coefficients
are statistically significant (F-value and pValue < 0.05).

Tables 4 and 5 show the results of the verification of the
model in which the explanatory variable was the RMS
value of the vibration accelerations recorded on the bearing
axis of the fan.

Table 4. Results of verification of power models based on the RMS value
of vibration accelerations recorded on the fan bearing axis
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Fig. 8. Relationship between the fuel consumption of the tested jet engine
and the RMS value of the vibration acceleration recorded on the turbine

Estimated 8RMS - FUN
coefficients powerl power2
R*=0.97 R?=0.97
F=2.28e-06 F =0.0009
Estimate pValue Estimate | pValue
B1 110.1 0.0042 88.6 0.44
B2 0.35 0.00014 0.38 0.066
Bs - - 44.3 0.85

Table 5. Results of verification of polynomial models based on the RMS
value of vibration accelerations recorded in the fan bearing axis
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Estimated 8RMS - FUN
coefficients noly1 noly2
R*=0.87 R*=0.98
F =0.002 F =0.0003
Estimate pValue Estimate | pValue
B1 1.04 0.002 -0.0014 0.0087
B2 385.7 0.0024 2.28 0.001
Bs - - 2784 | 0.0016

Fig. 9. Relationship between the fuel consumption of the tested jet engine
and the maximum value of vibration accelerations recorded on the turbine
bearing axis

Based on the analysis of Fig. 6-9, it was found that the
model described by the exponential function (10), cannot
be used to model the fuel consumption of a jet engine from
vibration signals, as its course is divergent from the trend
of the analysed data. Therefore, the model verification
process was limited to the power and polynomial functions
described by equations (6-9).

Based on the analysis of the results in Tables 4 and 5
and Fig. 6, it was concluded that the power2 model should
be discarded because its coefficients are not statistically
significant and the poly2 model because there is a local
extreme in the model, which results in the model not meet-
ing the unambiguity condition.

Tables 6 and 7 show the results of the model verifica-
tion based on the maximum value of the vibration accelera-
tions recorded on the axis of the fan bearing.

Analysis of the results in Tables 5 and 6 and Fig. 7
made it possible to conclude that the power2 and polly2
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models could not be used for modelling for the same rea-
sons as for models based on the RMS value of vibration

accelerations.

Table 6. Results of the verification of power models based on the maxi-
mum value of vibration accelerations recorded on the fan bearing axis

discarded as their coefficients are not statistically signifi-
cant.

Tables 10 and 11 show the results of the model verifica-
tion based on the maximum value of the vibration accelera-
tions recorded on the turbine bearing axis.

Table 10. Results of the verification of power models based on the maxi-
mum value of vibration accelerations recorded at the turbine bearing axis

Estimated 8PEAK - FUN
coefficients powerl power2
R?=0.98 R?=0.98
F =7.64e-07 F =0.00033

Estimate pValue Estimate | pValue
B1 429 0.0081 22.65 0.46
B2 0.43 5.09e-05 0.51 0.026
Bs - - 88.9 0.57

Table 7. Polynomial model verification results based on the maximum
value of vibration accelerations recorded on the axis of the fan bearing

Estimated APEAK - TURBINE
coefficients powerl power2
R?=0.98 R?=0.98
F =9.36e-07 F =0.000451

Estimate pValue Estimate | pValue
B1 14.8 0.027 15.62 0.55
B2 0.55 5.61e-05 0.54 0.037
Bs - - -7.26 0.97

Table 11. Polynomial model verification results based on the maximum
value of vibration accelerations recorded on the turbine bearing axis

Estimated 8PEAK - FUN
coefficients poly1 poly2
R?=0.94 R?=0.99
F =0.00031 F =0.00019

Estimate pValue Estimate | pValue
B1 0.43 0.0003 —-0.00016 0.022
B2 328.5 0.0013 7.92 0.0013
Bs - - 6.76 0.0024

Tables 8 and 9 show the results of the verification of the

Estimated 8PEAK - TURBINE
coefficients poly1 poly2
R*=0.95 R*=0.98
F =0.0002 F=0.00011
Estimate pValue Estimate pValue
B1 0.36 0.0002 —9.85e-05 0.056
B2 265.5 0.0039 0.63 0.0009
Bs - - 148.3 0.0201

models based on the peak value of the vibration accelera-
tions recorded on the turbine bearing axis.

Table 8. Results of verification of power models based on the RMS value

of vibration accelerations recorded on the turbine bearing axis

Estimated 8RMS - TURBINE
coefficients powerl power2
R?=0.99 R?=0.99
F =2.88e-07 F =0.0001
Estimate pValue Estimate | pValue
B1 35.3 0.0048 14.5 0.32
B2 0.54 2.03e-05 0.66 0.0063
Bs - - 1125 0.28

Table 9. Results of verification of polynomial models based on the RMS
value of vibration accelerations recorded at the turbine bearing axis

Estimated 8RMS - TURBINE
coefficients polyl poly2
R?=0.97 R*=0.99
F =3.61e-05 F=5.21e-05
Estimate pValue Estimate | pValue
B1 154 3.61e-05 —-0.0012 0.053
B2 262.5 0.0008 2.35 0.0008
Bs - - 189.8 | 0.0037

Based on the analysis of the results in Tables 8 and 9, it
was concluded that the power2 and poly2 models should be

The analysis of the results in Tables 10 and 11 allowed
us to conclude that the power2 and polly2 models could not
be used for modelling, as their coefficients are not statisti-
cally significant.

On the basis of the verification carried out, the follow-
ing models were found to meet the criteria for the signals
recorded on the fan bearing axis:

chmesﬂ_pw (a) = 110.1 agys_run (11)
chggsl—pw (@) = 1.04 arms_pyn + 385.7 (12)
P nk-ron @) = 429 abiicrun (13)
chgl}gxlx—pw (@) = 0.43 apgak-ryn +328.5 (14)

However, for signals recorded on the turbine bearing
axis, the models described by the equations can be used:

EC powerl

ARMS—TURBINE (a) =353 a%]?/[“’S—TURBINE (15)

polly1
FCaRMS—TURBINE

(a) = 1.54 dRMS — TURBINE + 262.5 (16)

FC powerl

_ 55
APEAK—TURBINE (a) =148 a(E)’EAK—TURBINE (17)

pollyl
FCaPEAK—TURBINE

(a) = 0.36 - apgak-TursINE + 265.5 (18)

Based on an analysis of the fit of the models to the input
data based on R?, it was concluded that for the vibration
acceleration parameters recorded in the fan bearing axis, the
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model described by Eq. (13) is the best used and for the
data recorded in the turbine bearing axis by relation (15).

5. Conclusions
This paper presents a method to measure the vibrations
of the GTM-400 miniature turbine engine and proposes
models of its fuel consumption using point measurements
of the vibroacoustic signal. A verification of the proposed
models was carried out, and it was determined which mod-
els describe fuel consumption the most accurately. Based
on the research carried out, it can be shown that:
— vibroacoustic signal parameters can be used to analyse
many aspects of machine operation,
— measures of effective and peak amplitude allow the fuel
consumption model of the GTM-400 engine to be created,
— kurtosis and crest factor do not fulfil the conditions of
an explanatory variable in the modelling of the fuel con-
sumption of the engine under investigation,

— the use of an exponential function does not allow
a correct fuel consumption model to be proposed,

— the proposed fuel consumption models provide a high
level of representation of real-world fuel consumption,
as confirmed by their verification,

— the proposed estimation method allows fuel consump-
tion to be determined without interfering with the design
of the engine systems,

— future research should verify the models for different
external conditions through in-flight engine tests.
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Nomenclature

S instantaneous signal value
N number of signal samples analysed
FC  fuel consumption

RMS Root Mean Square value of signal
PEAK peak value of signal
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Potential of ethanol and butanol in reducing deposits of SIDI engine injectors

ARTICLE INFO

The operation of conventional (hydrocarbon) fuels causes certain effects in the internal combustion engine.

Despite the satisfactory efficiency of internal combustion engines, their fuel systems, particularly the injectors,
are subject to constant fouling. The article analyzes the possibility of reducing the deposit of high-pressure
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gasoline injectors using the alcohol addition of ethanol and butanol. The study was conducted under the engine
and non-engine conditions. Fuel injection timing was analyzed when fueling with different mixtures, and non-
engine analyses were conducted to determine changes affecting the injectors. The results indicate the possibility
of reducing injector hole coking using ethanol and butanol as a 20% additive to the base fuel.

Key words: spark ignition engine, direct fuel injection, fuel injector deposits, ethanol, butanol
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1. Introduction

The global policy for reducing pollutants from the road
transport sector currently concerns regulated harmful com-
ponents of exhaust gases such as NO,, CO, CO oxide, HC
unburned hydrocarbons, particulate matter PM, and CO,
carbon dioxide emissions as a component of GHG (green-
house gases).

On April 17, 2019, Regulation (EU) No. 2019/631 of
the European Parliament and of the Council defining CO,
emission standards for new passenger cars and for new light
commercial vehicles repealing Regulations (EC) No.
443/2009 and (EU) No. 510/2011 [16] was introduced. On
8 June 2022, the European Parliament adopted a Regulation
of the European Parliament and of the Council (EU) that
amends Regulation (EU) No 2019/631 concerning more
stringent CO2 emission standards for new passenger cars
and light commercial vehicles, aligning with the EU's ambi-
tious climate targets. The European Parliament advocated
for a 20% reduction in average CO2 emissions by 2025,
a 55% reduction by 2030, and a 100% reduction by 2035,
compared to the levels recorded in 2021.

Alcohols are interesting alternative to commercially uti-
lized fuels, independently or blended with gasoline or die-
sel. Incorporating alcohol fuels can be a viable solution
towards reducing the emission of harmful exhaust constitu-
ents, including greenhouse gases, into the atmosphere.
However, to make the most of this solution, a comprehen-
sive understanding of alcohol fuel properties and their
compatibility with modern engine designs is crucial.
Among the alcohols, ethanol and butanol are considered the
most promising bio-components for existing conventional
fuels. Since 2009, the European RED (Renewable Energy
Directive) and FQD (Fuel Quality Directive) have
acknowledged the potential of ethanol by permitting a max-
imum content of 10% (V/V) in motor gasoline while also
encouraging the development of Flex Fuel Vehicles (FFVs)
capable of running on fuel containing up to 85% (V/V)
ethanol.

In 2011, a consortium consisting of the European
Commission's Joint Research Centre, the European Council

for Automotive R&D (EUCAR) and CONCAWE presented
possible future scenarios for meeting the requirements of
the Renewable Energy Directives and Fuel Quality Di-
rective, among which some assumed the introduction of
fuels with higher ethanol content such as E20 [4]. In June
2013, CEN/TC19/WG38 published a report (CEN/TR
16514) on "E10+" fuels, particularly concerning E20/25.
These are fuels for Sl engines containing between 20%
(VIV) and 25% (V/V) ethanol in their composition. As
a result, the European Commission proposed conducting
further studies on the feasibility of introducing E20/E25
fuels to the market, considering that previous studies have
already shown their great potential for reducing emissions
of GHG and other harmful components emitted by internal
combustion engines into the atmosphere. Furthermore,
augmenting the ethanol content in the fuel would yield
several favorable outcomes, such as reducing vapor pres-
sure and elevating the octane number of the fuel. As part of
a new agreement between the European Commission and
CEN, the Commission agreed to fund a project on expand-
ed research on E20/E25 fuels, together with ePURE (Euro-
pean Renewable Ethanol). This research aimed to under-
stand better and comprehensively assess the environmental
impact of E20/25 fuel, improve the energy efficiency of
engines, and identify obstacles that need to be overcome
before this type of fuel can be marketed [16]. On 11 De-
cember 2018, the European Parliament and the Council
issued Directive 2018/2001, commonly called the RED II
Directive or the Biofuels Directive. This directive outlines
various measures aimed at supporting the utilization of
energy derived from renewable sources and supporting the
advancement of renewable energy sources as a whole. The
directive sets renewable energy consumption targets for
2021-2030 and strongly promotes biofuel production from
waste. The RED Il Directive recasts and repeals previous
legislation  (Directive 2009/28/EC, Directive (EU)
2015/1513 and Council Directive 2013/18/EU) establishing
a mutual system for all European Union countries to pro-
mote energy from renewable sources in various sectors of
the economy. This means increasing the share of renewable
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energy in the energy mix by 2030 in sectors such as elec-
tricity, heating and cooling, and transport [5].

To date, much research has been carried out on blends
of conventional fuels with various alcohols for evaluating
the performance of internal combustion engines. Neverthe-
less, there has been a notable lack of recognition and com-
prehensive explanation regarding the impact of certain
properties of the tested alcohols on engine performance and
operational characteristics. The progression of the mixture
formation process holds significant importance in a DISI
(Direct Injection Spark Ignition) engine, considering that
the fuel is injected directly into the engine cylinder. Direct
fuel injection generally allows for better mixture formation
than indirect injection engines. The significance of the fuel
injection process in a DISI-type engine arises from several
factors, including the higher fuel injection pressure, precise
control over injection pressure variations, and the timing
and quantity of fuel delivery [3, 23]. The formation of the
fuel-air mixture is contingent upon various aspects, such as
the internal structure of the liquid stream, the atomization
process, and fuel evaporation characteristics [21-23]. Nota-
bly, the internal structure of the jet stream during injection
plays a pivotal role as it directly influences the jet atomiza-
tion process and vaporization properties [13, 14, 21]. Gen-
erating any deviation or disturbance in the optimized atom-
ized fuel spray pattern, such as: changing the jet angle,
disturbing the assumed atomization symmetry of the spray
pattern, increasing the penetration, or increasing the aver-
age diameter of atomized fuel droplets, has a deteriorating
effect on engine emissions and performance [20, 23]. The
formation process of the combustible mixture in the engine
cylinders is prone to interference, influenced by several
critical factors. Among these factors, the key determinants
include the special quality and timing of fuel atomization,
the velocity and penetration depth of atomized fuel drop-
lets, the effective control of mixture movement (swirl), the
interaction between atomized fuel droplets and the chamber
walls/piston bottom, the inherent physical and chemical
properties of the fuel, as well as the prevailing temperature
and pressure conditions within the chamber. Disruptions to
the fuel atomization process can lead to undesirable out-
comes, including an augmented accumulation of fuel on the
walls of the combustion chamber, prolonged fuel evapora-
tion time caused by larger droplet sizes, and unregulated
evaporation of fuel absorbed by deposits formed on the
injector tips. Igniting a poorly mixed and improperly com-
posed mixture can result in untimely, uncontrolled ignition
timing and combustion failure during the exhaust stroke.
Consequently, this gives rise to elevated emissions of harm-
ful exhaust constituents, accompanied by heightened fuel
consumption, diminished engine performance, erratic oper-
ation, and challenges initiating the engine [3]. Even a small
amount of deposits formed in the channels and around the
outlet ports of the fuel injectors of DISI engines uncontrol-
lably changes both quantitatively and qualitatively the in-
jection process by limiting the magnitude of the fuel out-
flow rate from the injector [14, 25], distorting the spray
pattern of the jets [14], deteriorating the quality of the spray
[25], and adversely interacting the fuel jets with the turbu-
lence of the air supplied to the combustion chambers [3,

23]. In the latest designs of reciprocating internal combus-
tion engines, including the DISI type, preventing the for-
mation of injector deposits has a decisive impact on the
engine's maintenance of the manufacturer's declared per-
formance characteristics as well as performance and emis-
sions. Therefore, an issue of particular interest is the pro-
pensity of various fuels to form injector deposits in DISI
engines and their effect on the emission of standardized and
non-standardized exhaust components into the atmosphere.
Deposits forming in the injector outlet channels affect the
flow rate, jet penetration depth and spray cone angle and
the start and end of injection. They can change the injectors'
spray characteristics, which, in turn, can affect the engine
cylinder's charge formation and combustion processes [3,
11, 21-23, 26]. External coke deposits around the injector
outlet ports are mainly formed from burnt fuel and, to
a lesser extent, from lubricating engine oil. They cause
distortions in the spray pattern of the fuel, flushing the
combustion chamber walls and piston crown with fuel and
consequently increasing fuel consumption and emissions
(especially HC and PM) [3, 22, 23]. Internal injector depos-
its are formed exclusively from fuel. They diminish the fuel
injection flow rate into the combustion chambers by re-
stricting the cross-sectional area of the injector openings.
This has the effect of increasing the average droplet diame-
ter of the atomized fuel, the quantitative ratio of fuel-air
mixing (air excess ratio "A") and increasing the fuel evapo-
ration time [3, 22, 23]. As a result, this leads to decreased
engine efficiency and performance and increased fuel con-
sumption.

Including alcohol, such as ethanol, in the fuel has a fa-
vorable impact on maintaining clean injectors. Unlike gaso-
line, alcohol is a single-component fuel without double
bonds, granting it greater thermal stability. Ethanol, for
instance, comprises merely two carbon atoms and, notably,
one oxygen atom, resulting in an oxygen content of 35%.
Consequently, the combustion of ethanol yields minimal
amounts of soot. While the mechanisms behind soot for-
mation and injector deposits differ in DISI engines, primari-
ly due to the substantially higher temperature required for
soot formation compared to deposit formation, it can be
anticipated that the presence of ethanol in the fuel would
lead to significantly reduced injector deposits compared to
gasoline. In addition, ethanol has a lower heat of phase
transition, resulting in a lower injector nozzle temperature
than when the engine is fueled with gasoline [24]. Apart
from the numerous benefits of ethanol in mitigating deposit
formation on DISI engine injectors, it does have one draw-
back: its lower boiling point in comparison to gasoline.
Consequently, including ethanol in gasoline blends leads to
a reduced T90 temperature compared to pure gasoline,
potentially fostering the formation of injector deposits.
However, numerous studies have demonstrated the ad-
vantages of ethanol or gasoline-ethanol blends regarding
their diminished propensity for injector deposit formation
[1,6,7,10,18].

The motivation for the project presented in the article
was to study the effect of the admixture of alcohol (ethanol
or butanol) to gasoline on the formation of deposits of DISI
engine fuel injectors. Quantitative and qualitative changes
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in the injected fuel dose were used as criteria for evaluating
deposit formation. The novelty of the work lies in combin-
ing the study of changes in the size of the injection time of
a single dose of fuel, due to the formation of injector depos-
its, carried out using a standardised, pan-European engine
test methodology, with the evaluation of changes in fuel
atomization quality based on the study of the macroscopic
atomization indices of a fuel jet in a constant-volume
chamber using laser illumination.

2. Ethanol and butanol as fuel additives

When evaluating the selection of alcohol-gasoline
blends as a fuel for spark-ignition internal combustion en-
gines, various crucial fuel properties must be taken into
account, considering the engine's requirements. While the
energy content per unit mass, indicated by the calorific
value, is vital in assessing the fuel's overall energy charac-
teristics, the calorific value relative to the fuel's volume
plays a significant role in determining fuel injection timing
and, consequently, the formation of a high-quality fuel-air
mixture over time, potentially influencing engine perfor-
mance. This aspect holds particular significance in the fuel
injection system used in modern engines, namely direct fuel
injection. In this system, the precise amount of fuel required
for optimal engine operation is delivered to the combustion
chambers by adjusting the injection duration, which is con-
tingent upon the engine's operating conditions [26].

Ethanol and butanol are the most promising alcohol-
based biocomponents for current conventional fuels. These
alcohols possess advantageous functional, operational, and
environmentally friendly properties, enabling a reduction in
the reliance on hydrocarbon fuels for powering engines
[15]. Thus far, ethanol has garnered more extensive usage,
blended in varying ratios with gasoline and widely adopted
as fuel for spark-ignition engines in numerous countries.
This is likely attributed to the abundance of research fo-
cused on ethanol, both in terms of understanding its proper-
ties and practical application, facilitating its earlier and
broader implementation as a fuel either in its pure form or
as an additive. The comparatively lower production cost of
ethanol than butanol is also a significant factor. However,
given the manifold advantages of butanol over ethanol and
its properties, which closely resemble those of gasoline, it is
believed to possess greater potential for future green fuel
applications.

Table 1 contains a comparative analysis of selected
properties of gasoline, n-butanol and ethanol.

Both butanol and ethanol have a higher density than
gasoline. Butanol, on the other hand, has a higher density
than ethanol, so its maximum allowable proportion in
blends with gasoline is less than that of ethanol, given the
requirements in EN 228 for gasoline (blend) density. As the
content of n-butanol and ethanol in a mixture with gasoline
increases, the heating value of the mixture decreases in an
approximately linear fashion. However, due to the higher
calorific value of n-butanol relative to ethanol on both
a unit weight and volume basis, the calorific value of
a mixture containing n-butanol decreases less as the
n-butanol content increases compared to a corresponding
increase in ethanol. Therefore, gasoline blends containing
a certain amount of n-butanol will lower engine fuel con-

sumption compared to gasoline blends with the same etha-
nol content [2, 8, 9].

Table 1. Physical and chemical properties of gasoline, n-butanol and

ethanol
Properties gasoline n-butanol ethanol

Chemical formula Complex C4HsOH C,HsO

mixture of

compounds
LOB [-] 95 94-96 110
Density [kg/m’] 753 810 790
Mass calorific value [MJ/kg] 42.9 33.3 26.8
Volumetric calorific value 323 27.0 21.2
[MJ/dm?]
Latent heat of vaporization 380-500 716 904
[kd/kg]
Mass participation ,,C” [%] 86 65 52
Mass participation ,,H” [%] 14 13.5 13
Mass participation ,,0” [%] 0 21.5 35
Viscosity [mPa-s] 0.4-0.8 2.57 1.08
Boiling point [°C] 199 118 78
Excess air ratio [-] 14.7 11.2 9.0

An increase in ethanol content in the gasoline mixture
will result in a rise in octane number. This is highly advan-
tageous due to the possibility of using such fuel in engines
with a higher compression ratio and, therefore, higher effi-
ciency. This offers the possibility of avoiding using octane-
raising additives in such fuels. Unlike ethanol, n-butanol
has an octane number close to gasoline, and therefore in-
creasing its share in the mixture with gasoline will not
change the octane number. Thus, considering this utility
parameter, butanol is more easily convertible with gasoline
than ethanol.

When used as a fuel in blends with gasoline for spark-
ignition (SI) engines, butanol offers several advantages
over ethanol. Notably, butanol exhibits lower hygroscopici-
ty, superior miscibility with gasoline, and a higher heating
value, resulting in lower fuel consumption compared to
blends containing ethanol. Furthermore, when blended with
gasoline, butanol has a lower blending vapor pressure than
ethanol, facilitating compliance with the requirements of
EN 228. However, it is important to acknowledge certain
drawbacks of butanol compared to ethanol when blended
with gasoline. These include a lower octane number, re-
duced heat of vaporization, and higher density and viscosi-
ty, which may contribute to an increased tendency to form
harmful deposits in the fuel injection system, as well as in
engine components such as valves, intake ports, and com-
bustion chambers. In summary, when utilized in gasoline-
alcohol fuel blends for Sl engines, butanol exhibits greater
potential in terms of performance characteristics compared
to ethanol.

The various thermophysical properties of alcohols can
cause significant differences in both their atomization and
spray structure and evaporation characteristics [17].

The application of alcohol as a fuel admixture is very
important because it provides several benefits, such as
reducing greenhouse gas emissions, reducing emissions of
toxic exhaust components, increasing energy safety, and
improving many fuel performance properties, including
knock combustion resistance [19]. Knock combustion is
a major barrier to achieving higher thermal efficiency in
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reciprocating internal combustion engines [12, 17, 19]. The
fuel atomization process heavily influences the performance
of a spark-ignition (SI) engine, particularly a direct-injection
engine fueled by a gasoline-alcohol blend. Consequently,
numerous researchers are devoting their efforts to conducting
further studies and enhancing this process, specifically miti-
gating the adverse effects of injector deposits [12].

3. Methodology

3.1. Methodology of engine testing

The rapid development and widespread use of gasoline
direct injection (GDI) systems have made it necessary to
develop test methodologies and evaluate the tendency of
gasoline of different compositions to form destructive fuel
injector deposits. Initially, the available, European-wide test
methodologies developed by the CEC (Coordinating Euro-
pean Council for the Development of Performance Tests for
Transportation Fuels, Lubricants and Other Fluids) only
included evaluations of deposits formed on various engine
components, but only with indirect injection. Therefore, the
automotive industry demanded the development of a gener-
ally applicable, recognized test procedure to evaluate and
distinguish between fuels that meet and do not meet the
requirements of engine and fuel injection system manufac-
turers for keeping the fuel injection system clean during
engine operation. In 2016, the CEC formed a new TDG-F-
113 DISI Working Group and began developing a test pro-
cedure to meet the above expectations. Finally, in Decem-
ber 2017, a procedure was published that received the CEC
designation F-113-KC and the name: VW EA111 DISI
Injector Deposit Test. The widely known and used VW
EA111 BLG type engine (Table 2) was used as the test tool.

Table 2. Technical specifications of the VW EA111 BLG engine used for

testing
Type - 4-cyl., in-line (wall-guided mixture
formation system)
Displacement cm® 1390
Cylinder bore. mm 76.5
Piston stroke mm 75.6
No. of valve/cyl. - 4
Compression ratio — 10:1
Max power kw 125 kW at 6000 rpm
Max torque Nm 220 Nm at 1750-4500 rpm
Aftertreatment - Tree-way catalysts, closed feedback
systems loop
Emission norm - EU4

The engine under consideration is a direct-injection con-
figuration incorporating a combined boost system that
combines mechanical supercharging and turbocharging,
following the "downsizing" approach. The fuel injection
system employed in this engine is of the wall-guided type,
and it utilizes electromagnetically controlled injectors fea-
turing six injection holes. The procedure allows conducting
fuel evaluation, including DCA (Deposit Control Additive),
according to two tests, i.e.:

e CEC F-113-KC "Keep-Clean" Test Procedure: This is
a 48 h test during which the engine is operated under
constant speed (2000 rpm) and constant load (56 Nm)
conditions. It allows evaluation of the base or refined
fuel in terms of its ability to keep the injectors clean.

e CEC F-113-CU "Clean-Up" Test Procedure: Includes
a 48 h part of the "Dirty-Up" test performed according
to the "Keep-Clean" test and a 24 h part of the "Clean-
Up" test in which the engine operates under the same
conditions as in the "Dirty-Up" or "Keep-Clean" test.
The test allows evaluating the cleaning properties of the
fuel used in the "Clean-Up" part of the test.

The evaluation criterion for assessing the propensity of
the fuel to generate injector deposits during the test is the
variation in the width of the electrical pulse governing the
fuel injection duration. As the deposits gradually accumu-
late both externally and internally within the injector, this
duration progressively lengthens. Figure 1 illustrates
a visual representation of the fuel injector, highlighting the
presence of external deposits near the fuel outlet apertures.

Fig. 1. View of the fuel injector and external deposits in the area of the
fuel outlet holes — VW EA111 BLG test engine

Pressure

o
measurement \.

module

[}
VW EA111 BLG
engine

Eddy current engine
dynamometer

Fig. 2. Engine test stand (INIG-PIB)

Figure 2 shows a general view of the test bench for test-
ing according to test procedure CEC F-113, on which tests
were carried out at INiG-PIB. The project's tests were con-
ducted per the CEC F-113-KC procedure (VW EA11l
BLG) — 2022 edition.

3.2. Methodology of model testing

The static tests were conducted using a constant volume
chamber (2.2 dm®) into which fuel was injected at 10 MPa
from a high-pressure injector without air back pressure
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(Fig. 3). During the analyzes in the constant volume cham-
ber, the same injector was used on which the engine tests
were carried out. The same base fuel was used in the tests.
The atomized fuel jet was evaluated using two systems: a)
a camera together with a halogen light source — for the
evaluation of spray geometric indexes; b) a camera and
laser illumination system for the evaluation of the cross-
section of the injected fuel jet. Laser illumination was gen-
erated using NG:YAG 532 mm pulsed laser light. The cir-
cular laser beam was converted into a so-called "light
knife" in the collimator.

‘ TTL signal generation system ‘ ‘ image acquisition system ‘

Fig. 4. View of the control panel for the operation of a test stand equipped
with an isochoric chamber

The injection time was 0.5 ms, and the signal was gen-
erated from a Sequencer device (Fig. 4). Recording of im-
ages at 10 kHz was performed using an HSS 5 LaVision

A

camera (with a resolution of 512 x 512 pixels). A Nikkon
AF Nikkor 24-85 mm 1:2.8-4 D lens was used. Image ana-
lysis was carried out using DaVis 10 software.

3.3. Method of processing optical test results
Analysis of the images was conducted for:

o fuel spray, analyzing the range, area and cone angle of
the jet (Fig. 5a); this research was based on measuring
the side spray of fuel with halogen lighting;

e cross-sectional area of the fuel jet with detailed analysis
of each jet cross-sectional area (Fig. 5b).

4. Fuels used in the study
The project's engine tests used three motor gasolines

varying in composition including:

e CEC RF-12-09 batch 11 — base (reference fuel)

e CEC RF-12-09 batch 11 + 20% (V/V) ethanol

o CEC RF-12-09 batch 11 + 20% (V/V) butanol
The choice of reference gasoline was based on its popu-

larity for research applications and availability across Eu-

rope. RF-12-09 batch 11 gasoline is a fuel with a high ten-
dency to form deposits on intake valves used to calibrate

Mercedes M102E and Mercedes M111 research engines.
The restriction of the alcohol admixture to 20% (V/V)

was due to the engine manufacturer's requirements for the

maximum allowable alcohol content in petrol. The physico-
chemical properties of the fuel samples prepared for testing

are shown in Table 3.
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Fig. 5. Davis 7 software panel for analysis of individual areas of fuel injection: a) macroscopic analysis; b) stream cross-section analysis
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5. Results discussion

5.1. Analysis of engine tests

Figure 6 shows a comparison of the changes in fuel in-
jection times obtained during tests conducted according to
the CEC F-113-KC procedure for the three fuels tested. The
first test (base fuel) evaluated the ability of the raw fuel
without alcohol admixture to keep the injectors clean.

1.66 B KeepClean (48 h)
i 'I
1.64 4 |
@
£
o 1.62
£
b
£ 1.60
(%)
2
= i
158 4/ ——KeepClean (base+20E) |
KeepClean (base+20B) |
——KeepClean (base) :
1.56 : : : R
0 20 30 40 50
Time [h]

Fig. 6. Results comparison of the fuel's ability without and with alcohol
admixture to maintain the cleanliness of DISI engine injectors according to
the CEC F-113-KC procedure

Test two (base fuel + 20E) evaluated the same raw fuel
admixed with 20% (V/V) ethanol according to the same
procedure, and test three (base fuel + 20B) evaluated fuel
admixed with 20% (V/V) butanol. The test result is the
averaged difference in the electrical pulse width controlling

the fuel injectors' opening time in a single fuel injection,
measured before and after the test.

Due to the highly fluctuating and rapidly changing na-
ture of the measured pulse, characterized by both high fre-
quency and significant amplitude variations over time,
determining the total pulse width or injection time solely by
comparing its magnitudes at the beginning and end of the
test could result in substantial errors. To mitigate this,
a methodology based on a trend function is employed, as it
provides more reliable and representative values compared
to those based solely on the endpoints of the measurement.
By utilizing this approach, average calculations of the elec-
trical pulse widths controlling the injection time are ob-
tained at the start and conclusion of the test. The test result
is determined by calculating the difference between the
average widths of the electrical pulse controlling the time of
a single fuel injection at the beginning and end of the test.
This difference is expressed as a percentage [%], indicating
the increase in width. A larger difference indicates a greater
tendency of the fuel to form injector deposits.

It is important to consider that the characteristics of
each engine design, the combustion process strategy, injec-
tor design, and operating conditions significantly influence
the development and severity of injector deposition phe-
nomena. Therefore, the final evaluation of a fuel is based
on the progression of deposit formation and the size of
injector deposits observed over a specific period. Thus far,
evaluations of fuels using the procedure above have been
conducted in various European laboratories affiliated with
the CEC (Coordinating European Council), specifically

Table 3. Physical and chemical properties of gasoline samples prepared for engine testing

RF-12-09 RF-12-09 batch | RF-12-09 batch Test method

Parameter Unit batch 11 11+20% (VIV) | 11+20% (VIV)

ethanol butanol

1 2 3

Density at temperature 15°C kg/m? 734.4 747.2 753,9 PN-EN ISO 12185
Research octane number (LOB) - 96.3 98.3 98,8 PN-EN ISO 5164
Motor octane number (LOM) - 87.1 87.7 88,7 PN-EN 1SO 5163
Sulfur content mg/kg 5.0 3.7 35 PN-EN ISO 20846
Induction period minutes > 360 > 360 > 360 PN-EN ISO 7536
Resin content present mg/100ml 0.5 1.0 2,5 PN-EN ISO 6246
Hydrocarbon content of type: PN-EN 15553
— olefin % (VIV) 55 <4.0 <40
— aromatic % (VIV) 27.8 215 23.1
Benzene content % (VIV) 0.36 0.3 0.3 PN-EN 238:2000 +Al
Oxygen content % (m/m) <0.1 7.53 4.94 PN-EN 1601
The content of oxygen-containing organic compounds:
— methanol % (VIV) <0.80 <0.17 <0.17 PN-EN 1601
— ethanol % (VIV) <0.80 20.4 <0.17
n-butanol % (VIV) <0.80 <0.17 20.2
— isopropyl alcohol % (VIV) <0.80 <0.17 <0.17
— tert-butyl alcohol % (VIV) <0.80 <0.17 <0.17
— isobutyl alcohol % (VIV) <0.80 <0.17 <0.17
— other oxygen-containing organic compounds % (VIV) <0.80 <0.17 <0.17
Fractional composition: PN-EN ISO 3405
- 1BP °C 329 36.7 36.7
—end of distillation temperature °C 196.9 196.5 198.0
— distills % (VIV) 97.9 98.2 98.5
— residue % (VIV) 11 1.0 1.0
— losses % (VIV) 1.4 0.8 05
— evaporation temp. 10%, T10 °C 52.4 52.8 61.7
— evaporation temp. 50%, T50 °C 106.8 72.7 102.6
— evaporation temp. 90%, T90 °C 173.2 152.3 153.4
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through the efforts of the CEC TDG F-113 Working Group.
These evaluations have allowed for determining result re-
peatability using statistical analysis based on the Student's
t-distribution.

It has been determined that a minimum absolute differ-
ence of 1.8% in the magnitude of the electrical pulse width
is required to distinguish between the two results with
a 90% confidence interval. Comparing the results of the
CEC F-113-KC tests for the three tested fuels (as shown in
Figure 3), the average increase in calculated injection time
for the reference fuel was 5.105%, for the reference fuel
with 20% (V/V) ethanol admixture was 4.387%, and for the
reference fuel with 20% (V/V) butanol admixture was
3.875%. Previous research has identified several key prop-
erties of unrefined fuel that significantly affect the for-
mation of injector deposits, including T90 temperature, fuel
sulfur, olefin and aromatics content, as well as vapour pres-
sure, density, IBP, and octane number [22, 23]. However,
all the tested fuels were based on the same reference fuel
(RF-12-09 batch 11), resulting in small differences in their
physicochemical properties, primarily attributed to adding
ethanol or butanol. Additionally, the final result is influ-
enced by the complex interaction of various fuel properties,
which can have intricate and difficult-to-determine effects
on deposit formation. Analyzing the final results obtained
for the three fuels, it can be observed that, from a perspec-
tive of repeatability, these results should be considered
comparable and statistically evaluated. Notably, the pattern
of deposit formation during the 48-hour test period is of
interest. In the case of the reference fuel, a nearly linear
increase in deposits formed throughout the test can be ob-
served (as shown in Figure 3).

Consequently, after a 15-hour test run, the calculated in-
crease in injection time of a single fuel dose is 2.936% (Area
I). Subsequently, between 15 hours and 48 hours, the in-
crease in injection time of a single fuel dose changes from
2.936% to 5.105% (Area Il). The situation differs for the
reference fuel with a 20% (V/V) ethanol admixture, where
the increase in injection time of a single fuel dose follows
a logarithmic trend. After approximately 15 hours of the test
run, a clear deviation in the trend of deposit formation can be
observed at an increase in injection time of a single fuel dose
of 3.942% (Area I). Then, between 15 and 48 hours of the
test, the increase in injection time of a single fuel dose
changes from 3.942% to 4.387% (Area Il). A similar trend is
observed for the reference fuel with a 20% (V/V) butanol
admixture, where a distinct break in sediment formation
occurs at an increase in injection time of a single fuel dose of
3.748% after about 15 hours (Area ). Subsequently, between
15 and 48 hours of the test, the increase in injection time of
a single fuel dose changes from 3.748% to 3.875% (Area Il).
Hence, in the case of fuels blended with alcohol, the for-
mation of deposits stabilizes after approximately 15 hours of
testing. The differences in the trend and rate of injector de-
posit formation for different fuels can be attributed to the
intensity of deposit precursor formation processes, the
strength of adhesion to the surface, and the simultaneous self-
cleaning processes of injectors [22, 23]. After the formation
and stabilization of deposit precursors on the injector surface,

their growth and removal processes determine the subsequent
course of deposit formation. A linear pattern occurs when
deposit formation and removal processes occur concurrently,
with a constant predominance of fouling. Thus, it can be
hypothesized that fuels containing alcohol (in the case of the
tests described here, ethanol or butanol) have a lower tenden-
cy to foul the fuel injectors. This is because, due to the linear
increase in fuel injection time caused by non-alcohol-
containing fuels, the level of injector fouling created will
exceed that of alcohol-containing fuels due to their stabiliza-
tion after a certain period.

5.2. Analysis of optical tests

An optical analysis of the fuel spray is shown in Fig. 7.
As can be seen from the images, there is some variation in
the geometry of the recorded areas. Very similar extents of
the jet can be seen. The variation relates to changes in the
fuel concentration in the jet, as the degree of exposure of
the images is slightly different. Analysis of the ethanol base
fuel spray indicates a higher fuel concentration in the jet's
core than in the other spray cases.

A detailed macroscopic analysis is shown in Fig. 8. Very
similar values of the spray area can be seen, which is differ-
entiated only in the range t = 750-1000 us to the beginning
of fuel outflow (Fig. 8a). Identical values of penetration
indicate (Fig. 8b) that it is necessary to analyze further quan-
tities, which will adequately enable the evaluation of changes
in the fuel spray, using different additives to the base fuel.
For this reason, the jet cone angle was determined (Fig. 8c),
which already indicates clear differences in fuel atomization.
For the base fuel, this angle obtains almost constant values
(about 40 deg). With butanol addition, this angle is greater: at
the beginning of the atomization, about 50 deg and then
decreases to about 40 deg. The atomization of the fuel from
the injector running on fuel with ethanol addition shows
a higher value of this angle from 55 deg at the beginning of
atomization to about 43 deg after about 1 ms.

The results of the tests using laser illumination are
shown in Fig. 9. Image analyses were performed in multiple
cross-sections (from about 5 to 25 mm) from the maximum
penetration. The spray areas shown indicate differences in
the spray created by the three differently contaminated
injectors. The use of the base fuel indicates a reduction in
the cross-sectional area of the orifices, resulting in limited
areas of some outflow orifices. The ethanol additive reduc-
es fuel outflow to the least extent, as indicated by the large
cross-sectional areas of the plumes. The use of butanol as
an additive reduces the cross-sectional flow areas some-
what, but the reduction is not as significant as when only
the base fuel is used.

A detailed assessment of the number of pixels in each
isolated injected fuel jet is shown in Fig. 10. The data in-
cluded are for the cross sections shown in Fig. 9. These
analyses confirm that ethanol as an additive obtains the
largest spray area. However, these changes are not very
large. It should be noted that optical tests were conducted
on the same base fuel, and the changes obtained are due to
measurements of the injector, which was fed with different
fuels.
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Fig. 10. Areas of the fuel stream from Fig. 9, including the isolation of each fuel stream

Figure 11 shows the total pixels from the fields of all in-
jector orifices in a given unit of time to the beginning of
fuel atomization. Instantaneous injection area values are
included in Fig. 11a, while Fig. 11b shows trend lines for
the three summed injection areas. The analysis results pre-
sented here show that the flow diameters of the injectors
increase when base fuel additives are used. The use of fuel
additives significantly increases the fuel flow area. The
increase in area is more than 20% compared to the base
fuel.
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Fig. 11. Total area value of fuel jets over the full range of analysis (a) and
averaged area values determined by a polynomial (n = 4) trend line

In addition, an analysis of the structure of the outflow
holes was performed using a microscope. One of the ele-
ments of such tests was the determination of the different
diameters of the actual bore of the working injector (Fig.

12). The results indicate that the pinhole is partially coked,
as its diameters are different. The differences obtained are
up to 30%.

Fig. 12. Example values defining injector hole diameter

In the next stage of the work, an optical analysis of all
the holes of the working injector was carried out (Fig. 13).
These studies indicate varying deposition of the holes. The
analyzed images do not clearly indicate large changes in
injector orifice contamination. Thus, a full contamination
analysis requires both engine and bench tests with their
support by optical data.

KeepClean
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KeepClean
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Fig. 13. Images of the injector tip and holes after testing
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6. Conclusion
The experimental work evaluated the effect of adding

alcohols (ethanol, butanol) to the fuel on forming deposits

in the injector holes. A direct injection system with multi-
hole injectors was analyzed. A comprehensive evaluation
was made by combining tests on a multi-cylinder engine,
optical tests using laser illumination and magnification
photography.

By analyzing the change in fuel injection time during

a 48-hour test on an engine dynamometer, it was proven:

1. The addition of 20% V/V alcohol increases the injection
time relative to the reference fuel RF-12-09 batch 11.

2. After 15 hours of the test, the relative increase in injec-
tion time was 2.936%, 3.942% and 3.748% respectively
for the use of reference fuel, ethanol admixture and bu-
tanol admixture.

3. After 48 hours of testing, the relative increase in injec-
tion time was 5.105%, 4.387% and 3.875% for the use
of reference fuel, ethanol admixture and butanol admix-
ture, respectively.

4. In the case of fuel containing an admixture of alcohol,
there is a balancing of the processes of formation and
removal of deposits after only a few hours of testing.

5. Alcohol-containing fuels have a lower tendency to con-
taminate fuel injectors.

Based on optical studies of the development of the fuel
jet from the injectors used during the engine tests, it was
noted:

1. As a result of recording the jet outflow parallel to the
axis, a change in the jet shape was noticed without an
increase in jet penetration.

2. The use of an alcohol admixture in the fuel after 48
hours of injector operation results in an increase in the
spray area and cone angle (parallel view) relative to the
use of the reference fuel.

3. The type of alcohol used has no significant effect on the
resulting surface area of the sprayed fuel (parallel view;
perpendicular view).

4. The largest cross-sectional area of the jet occurs at
a distance of about 15 mm from the tip of the injector.
Photographing the injector holes with 1,000 times mag-

nification allowed to:

1. Determine the location of deposit accumulation depend-
ing on the fuel used.

2. Indication of the base + 20E mixture as the one where
the highest amount of deposits occurs on the outer part
of the atomizer. The smallest deposit on the outer part
was obtained using base + 20B.
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This study developed a friction measurement apparatus with a floating cylinder liner in a small motorcycle

engine. In this measurement apparatus, joint plates were installed in the grooves on the outer periphery of the
floating liner, and then the plates, as well as load washers of piezo type, were mounted in the cylinder block at
both the thrust and the anti-thrust sides. A stepped ring, protruding inward, was mounted on the top of the
floating liner so that cylinder pressure acting on the stepped portion was balanced in the vertical direction.
Thus, it was possible to measure the friction in the sliding directions of the piston. Using this apparatus, the
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effect of the engine operating period on friction was investigated in a piston micro-dimpled with a fine particle
bombarding process. Results indicated that, at low engine speeds, friction decreased with the operating period,
but at high engine speeds, friction decreased after 10 hours of operation, and then increased after 20 hours of
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Small motorcycle engines are required not only to have
excellent acceleration performance but also to have excel-
lent economic efficiency, i.e., less expensive engines with
low fuel consumption rates. To improve fuel efficiency, it is
effective to reduce engine friction, especially piston assem-
bly friction (the friction between the piston, the piston rings,
and the cylinder liner) [2, 8, 10, 12]. Two measurement
methods have been mainly used to measure this piston
assembly friction during engine operation. One is the float-
ing liner method, in which load washers are fixed between
the lower portions of the floating liner and the cylinder
block on the thrust and the anti-thrust sides [1, 3, 4, 6, 9, 18,
20-22]. The other is the three-component force sensor
method, in which three-component force sensors are fixed,
either at 8 points between the outer periphery of the floating
liner and the inner periphery of the block on the thrust side,
or at 3 points each between the outer periphery of the float-
ing liner and the inner periphery of the block, on both the
thrust and the anti-thrust sides [5, 7, 11, 13, 19]. Both
methods require a prototype floating liner, but the first
floating liner method requires fewer sensors and fewer
engine modifications than the three-component force sensor
method. So there are more reports on friction measurements
using the floating liner method. Our previous study devel-
oped a friction measurement apparatus with a floating liner
for an eco-mileage vehicle engine, by using components of
a small motorcycle engine as much as possible [14, 15]. In
this measurement apparatus, joints plates were inserted in
the grooves on the outer periphery of the floating liner,
machined from the periphery of a commercially available
air-cooled cylinder, and then load washers were mounted
between the joint plates and the cylinder block, at both the
thrust and the anti-thrust sides. To suppress lateral dis-
placement due to piston thrust force, clamping bolts were
also mounted to the cylinder block at four sides: thrust,
anti-thrust, front, and rear. This enabled measuring the

piston assembly friction when the intake and the exhaust
valves were not activated, i.e., no cylinder pressure was
applied. This current study significantly modified the struc-
ture of the upper part of the floating liner from our previous
measurement apparatus, so that the force due to the pres-
sure in the cylinder was not transmitted to the floating liner.
Thus, it was possible to measure piston assembly friction
even when the intake and the exhaust valves were activated,
and cylinder pressure was applied. Into this new measure-
ment apparatus, a micro-dimpled piston with a fine particle
bombarding (FPB) process [15-17] was installed. Such
micro-dimpled pistons enjoy reduced friction compared
with untreated pistons [15-17] and reduced total engine
friction with increasing engine operating period [16]. How-
ever, no report has measured piston assembly friction with
a micro-dimpled piston for each cycle and examined the
effect of the engine operating period on its friction. This
study investigated in detail how piston assembly friction
with a micro-dimpled piston changed with the engine oper-
ating period compared to before break-in.

2. Experimental apparatus and method

Figures 1 and 2 show the friction measurement appa-
ratus with the floating liner. As in our previous study, this
measurement apparatus employed a four-stroke, air-cooled,
horizontal, single-cylinder, gasoline engine for a commer-
cially available small motorcycle (bore x stroke = 39 mm x
41.4 mm) [14, 15]. The crankcase of this engine was cut,
and a cover was attached to the cut of the crankcase. The
engine was then rotated from horizontal to vertical. For the
floating liner, the outer periphery of the air-cooled cylinder
(an aluminum finned cylinder with a cast-iron liner) was
turned, and the grooves for the joint plates were machined
on its outer periphery at the thrust and the anti-thrust sides.
In addition, the top of the liner was machined, and an alu-
minum alloy stepped ring was mounted on the top of the
liner, protruding inward. Cylinder pressure acting on the
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stepped portion was balanced in the vertical direction, so
that the force due to the pressure in the cylinder was not
transmitted to the floating liner. Joint plates were installed
in the grooves on the outer periphery of the floating liner,
and then piezo type load washers were mounted between
the joint plates and the cylinder block, at both the thrust and
the anti-thrust sides. Thus, only vertical force (piston as-
sembly force) was applied to the joint plates, and from there
to the load washers. An O-ring was installed between the
stepped ring of the floating liner and the spacer immediate-
ly above it for gas sealing. The compression ratio became
7.3 after installing the stepped ring and the spacer. In addi-
tion, to suppress lateral displacement due to piston thrust
force, circular thin-disk springs were attached to the upper
and lower sides between the floating liner and the cylinder
block. A strain-gage pressure transducer was also attached

to the spark plug hole when measuring the cylinder pressure.
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Fig. 2. Friction measurement system with floating liner

Bore surface temperature was adjusted with a tempera-
ture controller, by installing heaters in the cylinder block at
the thrust, the anti-thrust, and the rear sides, and thermo-
couples at the front and the rear sides. The oil temperature
was also adjusted with a temperature controller by in-

stalling a heater and a thermocouple in an oil tank outside
the engine, as in our previous study [14, 15]. The lubricat-
ing oil, at fixed temperature, was pumped from the oil tank
to a pipe on the upside of the crankcase, and then supplied
from its pipe to the crankshaft at a flow rate of 600 mL/min,
as shown in Fig. 1.

Figure 3 shows the micro-dimpled piston and its surface
shape on the piston skirt. In this micro-dimpled piston,
ceramic particles with a diameter of 45 um were air-blasted
onto a commercially available standard piston, which had
a streaked sliding surface on the skirt, except for three
grooves in the skirt. The top land of the piston was also
machined away from contact with the stepped ring of the
floating liner.
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Fig. 3. Micro-dimpled piston and surface shape on the piston skirt

Table 1 shows the experimental rings, which are stand-
ard parts of a commercially available engine. These rings
had been fully run in our previous study [15].

Table 1. Experimental piston rings

[mm]
Top ring Second ring Oil ring
o 104
1.7 1.7 "% o
- 1 . N ( )o‘
,02 @ I——
A ~
° S ——
End clearance 0.08 mm | End clearance 0.15mm | End clearance 0.52 mm
Tension 3.2 N Tension 4.4 N Tension 11.2 N
Chrome plating Phosphate Chrome plating

The floating liner had been fully operated in advance,
with a standard untreated piston, and its roughness of the
sliding surface on the liner bore was Rzys 0.90~1.56 um
(Ra 0.12~0.19 um).

The experimental lubricating oil was Honda genuine
Ultra Green with a lower viscosity for low-fuel consump-
tion engines. The kinematic viscosities of the lubricating oil
measured with the Redwood viscometer were 30.3 mm?/s at
40°C, 15.8 mm?/s at 60°C, and 10.4 mm?/s at 80°C.

The engine was operated by motoring, and the experi-
ments were conducted according to the procedure shown in
Fig. 4. That is, a new dimpled piston was installed in this
measurement apparatus, and then without any break-in
operation, the piston assembly friction was measured at
engine speeds of 800 rpm, 1000 rpm, 1200 rpm, and 1400
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rpm, at temperatures of 40°C, 60°C, and 80°C, respectively.
Next, after running at 80°C and 1400 rpm for 10 hours, the
friction was measured under these same conditions. Fur-
thermore, after running at 80°C and 1400 rpm for another
10 hours (meaning after 20 hours in total at 80°C and 1400
rpm), friction was again measured under these same condi-
tions.

[Install a new dimpled piston in the measurement apparatus. |

Without any break-in operation,
measure the piston assembly friction. *

[Run at 80 °C and 1400 rpm for 10 hours. |

[ Measure the piston assembly friction after 10 hours of operation. * |

Remove the dimpled piston from the measurement apparatus,
and then observe and measure wear on the piston skirt.

Install the dimpled piston in the measurement apparatus,
and run again at 80 °C and 1400 rpm for another 10 hours.

Measure the piston assembly friction after 20 hours of operation
in total. *

Remove the dimpled piston from the measurement apparatus,
and then observe and measure wear on the piston skirt.

* Measurement conditions:
40 °C, and 800 rpm, 1000 rpm, 1200 rpm and 1400 rpm
60 °C, and 800 rpm, 1000 rpm, 1200 rpm and 1400 rpm
80 °C, and 800 rpm, 1000 rpm, 1200 rpm and 1400 rpm

Fig. 4. Experimental procedure

3. Results and discussion

Figures 5 and 6 show the effect of the engine operating
period on piston assembly friction at 60°C, first at 1000
rpm and then at 1400 rpm, respectively. In Figs. 5 and 6,
crank angles of —360°, 0°, and 360° represent engine top
dead center (TDC); —180° and 180° bottom dead center
(BDC). During the piston downward stroke (from —-360° to
—180° in the intake stroke, and from 0° to 180° in the expan-
sion stroke), a downward force is applied to the liner, and
during the piston upward stroke (from —180° to 0° in the
compression stroke, and from 180° to 360° in the exhaust
stroke), an upward force is applied to the liner. So these
forces are indicated as negative force and positive force,
respectively. In Fig. 5, at 60°C and 1000 rpm, as the engine
operating period increased, friction decreased around TDC
and BDC, as well as during the compression and the expan-
sion strokes. In addition, the longer the operating period,
the lower the friction reduction rate. In Fig. 6, at 60°C and
1400 rpm, friction after 10 hours of operation decreased
around TDC and BDC and during the compression stroke,
compared to before break-in operation (0 hours of opera-
tion). However, friction after 20 hours of operation was
almost the same as that after 10 hours of operation, around
TDC and BDC and during the compression and expansion
strokes. During the intake and the exhaust strokes, except
around TDC and BDC, friction after 20 hours of operation
increased beyond that after 10 hours.
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Fig. 5. Piston assembly friction at 60°C and 1000 rpm
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Fig. 6. Piston assembly friction at 60°C and 1400 rpm

Figures 7 to 9 show the effect of the engine operating
period on the friction mean effective pressure (FMEP) at
40°C, 60°C, and 80°C, respectively. Here the FMEP was
obtained by integrating the absolute value of friction at
crank angles of —360° to 360° and dividing by the stroke
volume. As the engine operating period increased, the
FMEP decreased in each temperature, except at 1200 rpm
and 1400 rpm after 20 hours of operation. At 1200 rpm and
1400 rpm, the FMEP after 20 hours of operation was higher
than that after 10 hours of operation. When the engine
speed increased, the FMEP decreased, both before break-in
operation (0 hours of operation) and after 10 hours of oper-
ation. After 20 hours of operation, at 40°C and 60°C, the
FMEP decreased as the engine speed increased from 800
rpm to 1200 rpm, and at 80°C, the FMEP decreased as the
engine speed increased from 800 rpm to 1000 rpm. But at
40°C at more than 1200 rpm, the FMEP hardly changed,
and at 60°C at more than 1200 rpm, and at 80°C at more
than 1000 rpm, the FMEP increased.
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Fig. 7. Friction mean effective pressure at 40°C

Fig. 8. Friction mean effective pressure at 60°C

Fig. 9. Friction mean effective pressure at 80°C

When the sliding surface of the piston was observed af-
ter 10 hours and after 20 hours of operations, the wear of
streaks was visually confirmed in locations “C” and “D” of
the skirt. Therefore, the amount of wear on streaks in skirt
“C,” “D1” (upper part of “D”) and “D2” (lower part of
“D”) was measured by using a surface roughness measuring

instrument. Figure 10 shows the maximum amount of wear
on streaks in skirt “C,” “D1” and “D2” after 10 hours and
after 20 hours. In Fig. 10, the maximum amount of wear
after 10 hours was 1.5~3.0 um on the thrust side, and
1.0~3.0 um on the anti-thrust side. The maximum wear
after 20 hours increased by 0.5~1.0 um compared to that
after 10 hours, but the amount of wear per hour tended to
decrease.

Thrust side Anti-thrust side
Skirt “C”
5 After 20 hours|
Skirt “D1”
Skirt “D2” | -
| 1 1 1 | 1 1 1

o 1 2 3 4 5 0 1 2 3 4 5
Maximum amount of wear [pum]

Fig. 10. Maximum amount of wear on streaks in lower skirt of piston after
10 hours and after 20 hours

Figure 11 shows the observation results of the worn part
of skirt “C” after 10 hours and after 20 hours. In Fig. 11,
the wear on both the thrust and the anti-thrust sides tended
to be wider after 20 hours than after 10 hours, but after both
10 hours and 20 hours, micro-dimples remained even on the
worn surfaces of the streak, and no significant difference
was observed on them.

Thrust side Anti-thrust side
}Worn
surface
of
After streak
10 hours }
After
20 hours
~1000mm |

Fig. 11. Observation results of worn part at piston skirt “C” after 10 hours
and after 20 hours

It seemed that, at 800 rpm and 1000 rpm, the longer the
engine operating period, the greater the wear of the sliding
surface, decreasing pressure (the normal load per area) on
the sliding surface, and the less dominant the severe mixed
lubrication, reducing the FMEP. In this measurement appa-
ratus, the lubricating oil was supplied to the crankshaft, and
was then splashed onto the cylinder by the rotation of the
crankshaft. Therefore, as the engine speed increased, the
amount of oil supplied to the piston per unit time increased.
It was thought that, with increased engine speed, the
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amount of oil supplied to the piston increased, and then
friction around TDC of compression stroke (around 0°)
decreased, reducing the FMEP except after 20 hours of
operation. It also seemed that, after 20 hours of operation,
because the wear on the streak of skirt had increased, form-
ing a suitable sliding surface, hydrodynamic lubrication
became dominant at 1200 rpm and 1400 rpm, and then
friction increased during the intake and the exhaust strokes
(where the piston thrust force weakened), except around
TDC and BDC, increasing the FMEP.

4. Conclusions

Using a small motorcycle engine, a friction measure-
ment apparatus with a floating liner was constructed, so that
the force due to the cylinder pressure was not transmitted to
the floating liner. Utilizing this measurement apparatus, the
influence of engine operating period on friction with a mi-
cro-dimpled piston was examined. Results indicated that, at
engine speeds of 800 rpm and 1000 rpm, friction decreased

with the engine operating period. At more than 1000 rpm,
friction decreased after 10 hours of operation, but then
friction increased after 20 hours (to a level greater than
after 10 hours). In addition, both before break-in operation
(0 hours of operation) and after 10 hours, friction decreased
with increasing engine speed. However, after 20 hours,
friction increased when engine speed exceeded 1200 rpm at
60°C, and 1000 rpm at 80°C.
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Nomenclature

BDC  bottom dead center
FMEP friction mean effective pressure
FPB  fine particle bombarding

Ra calculated average roughness
Rzy;s  10-point average roughness
TDC  top dead center
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The fleet of electric vehicles is systematically growing. Many passenger car manufacturers are already
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produced. Vehicles equipped with an electric drive include: battery-powered electric vehicles, hybrid electric
vehicles and fuel cell electric vehicles. Over the years, these vehicles have undergone constant change. The aim
of this paper was to review trends in the development of pure electric vehicles and plug-in hybrid vehicles.
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1. Introduction

The electric powered vehicles are gaining an increasing
share of the passenger vehicle market. There are three types
of electric vehicles: battery electric vehicles (EV), hybrid
electric vehicles (HEV), and vehicles equipped with fuel
cells electric vehicles (FCEV). Despite the many challenges
facing electric drive technology, there is a great reason to
be optimistic about its future. New technologies in the field
of electric vehicle drive systems have great potential to
stimulate the development of intelligent and sustainable
transport [56, 59]. Despite the many challenges facing elec-
tric drive technology, there are good reasons to be optimis-
tic about its future [12, 32, 44].

The automotive industry is currently facing a profound
transformation toward electric mobility. Diverse electric
vehicle models in different price ranges available from
automakers are resulting in a noticeable increase in EV
sales. In Europe, sales of electric passenger vehicles in
2021 increased by over 65% compared to 2020. In 2021,
electric vehicles accounted for 17% of all passenger cars
sold in Europe [28]. In the first half of 2022, electric pas-
senger vehicles reached an 11.1% share of European's over-
all automotive market [26].

Car manufacturers put close attention to the customers’
likings. Based on the observation of the increase in interest
in electric cars and the increase in sales of electric models,
car manufacturers are form their offer. Carmakers aiming to
gain a greater share of the electric vehicle market offer
a wide range of models with electric drives to appeal to
a growing group of consumers. The offer of each passenger
car manufacturer includes models with hybrid or electric
drives. These trends are observed both in the sector of small
and city passenger cars, as well as sports cars and SUVSs.
According to the report [62], over the last 2 years, all car
manufacturers have increased sales of electric vehicles. The
development of electric drive technology is also taking
place in light commercial vehicles. Electric and hybrid
heavy-duty vehicles have already been developed. They are
currently the subject of extensive testing and research [37].
Research shows that consumers who are interested in buy-
ing an electric vehicle pay attention primarily to its range,

charging time, and purchase price [15, 40, 65]. The contin-
uous development of battery technology already allows you
to cover an increasingly longer distance on a single charge
[60]. In addition, with the use of fast chargers, battery
charging times have also been significantly reduced [54, 61,
64]. However, the high cost of purchasing an electric vehi-
cle is a barrier for many potential buyers. In many coun-
tries, subsidies and financial incentives are available for EV
buyers to attract potential customers. In addition, many
cities offer facilities for electric car owners in the form of
parking fee exemption, toll road exemption, and bus lane
use [14, 34, 38].

Among the charging technologies for electric vehicles,
wireless charging methods can be distinguished. It can be
a flexible and promising alternative to standard plug-in
battery chargers [7, 45]. Wireless charging is easier to use
as it does not require a cable to be connected to the vehi-
cle. This is a technology still in development. However,
thanks to properly placed charging infrastructure, it will
be possible to recharge the battery (e.g. in parking lots or
while waiting at red lights), which will further extend the
range [24, 33, 68].

Many automobile concerns have set themselves ambi-
tious plans to increase the share of vehicle models with
electric drives in the entire assortment of vehicles produced.
The Volkswagen Group assumes that in 2030 every second
vehicle produced will be equipped with an electric drive. It
should also be emphasized that in 2021 Volkswagen was
the second largest car manufacturer in the world [35, 48],
and the share of battery electric vehicles in its total sales
volume was 5.1%. The Stellantis Group, which brings to-
gether the following brands: Citroen, DS Automobiles,
Jeep, Fiat, Opel, and Peugeot, announced a new strategy in
March 2022, which assumes the sale of 5 million purely
electric vehicles by 2030 [20, 57].

Asian automobile companies also have extensive vehi-
cle electrification plans. Toyota is a pioneer in the produc-
tion of hybrid vehicles. The Prius, unveiled in 1997, was
the first widely available and mass-produced hybrid vehi-
cle, which continues to be very popular. Toyota has not put
a purely electric model into production until 2021. With its
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recently announced strategy, Toyota aims to introduce 30
new EV models by 2030 [3, 19]. Nissan plans to introduce
23 new electric models, including 15 new electric models
by 2030. The company aims to achieve more than 50%
share of electric vehicles in total global vehicle sales for the
Nissan and Infiniti brands by 2030 [47]. Honda plans to
introduce 30 electric models to the global market by 2030,
with a production volume of more than 2 million vehicles
per year. The company has announced that by 2040 it will
completely phase out the production of gasoline-powered
cars. In addition, Honda intends to engage in research and
development of new battery technologies [58].

Ford Group has ambitious plans to develop electric vehi-
cle technology. The corporation intends to introduce three
new electric passenger vehicles and four new electric com-
mercial vehicles in Europe by 2024. Planned sales are more
than 600,000 electric vehicles by 2026 in the European mar-
ket only. In addition, Ford plans to open one of Europe's
largest commercial vehicle battery plants in Turkey [25].

Plans to increase the share of electric cars are observed
in the luxury and sports car sectors. For example, Mer-
cedes-Benz assumes that in 2025, 50% of the planned reve-
nues will come from the sale of EV and plug-in hybrid
vehicles. In 2021, Mercedes-Benz sold 2.4 million vehicles,
of which 4% were EV vehicles [42, 43]. The BMW Group
predicts that at least half of the vehicles sold in 2030 will be
BEV models [9]. In 2021, the share of electric vehicles in
the total number of vehicles sold was 4% [21, 42]. The
Volvo Group assumes that by 2025, electric cars will ac-
count for half of the models produced, and after 2030, all
models produced will be equipped with electric drives [67].
In 2021, about 4% of vehicles sold by the concern were
models equipped with an electric drive [65, 66]. In its strat-
egy, Audi concern assumes that by 2025 its offer will in-
clude more than 20 fully electric models. The concern
clearly focuses on electromobility and plans to invest
around EUR 18 billion in electrification and hybridization
in the years 2022-2026. From 2026, two fully electric mod-
els will be available. A key element of Audi's electrification
strategy is a new factory in China, where a state-of-the-art
production facility for all-electric Audi models will be built
by the end of 2024 [5].

Electrification of means of road transport is an oppor-
tunity to reduce CO, emissions. The Green Deal for Europe
(GDE) presented by the European Commission in 2019
assumes the achievement of zero net greenhouse gas emis-
sions by 2050. The intermediate goal of the GDE is to re-
duce net greenhouse gas emissions by at least 55% by 2030
compared to 1990. The document also contains legal regu-
lations responding to the challenges in the transport sector
related to reducing energy consumption and increasing the
use of the so-called clean energy, more efficient use of
modern infrastructure, and reduced environmental impact
[16]. In "Fit for 55" announced on 14 July 2021 the Euro-
pean Commission announced a package of legislative pos-
tulates. One of the calls is the introduction of CO, emission
limits for passenger vehicles and light-duty vehicles. Start-
ing in 2030, new vehicles are assumed to emit less CO,
(compared to 2021) by an average of: 37.5% — for passen-

ger cars and 31% - for light-duty vehicles. CO, emission
limits have also been set for trucks and other heavy-duty
vehicles. The new regulations oblige manufacturers to re-
duce their CO, emissions (compared to 2019) by an average
of 15% by 2025, and then by 30% by 2030 [22]. The "Fit
for 55" project assumes that from 2035 all new passenger
vehicles and light-duty vehicles will be completely emis-
sion-free. Member States will be obliged to develop infra-
structure for electric vehicle charging and increase the
number of hydrogen refueling stations.

Technologies used in EVs can increase the flexibility
of their use, which can be important in energy manage-
ment optimization systems. The possibility of using elec-
tric vehicles in systems supplying energy to the electric
network of the Vehicle-to-Grid (V2G) and Vehicle-to-
Home (V2H) type means that electric vehicles can change
their role from a means of transport into an energy storage
system. V2G systems can reduce the pressure on the grid
during peak EV charging and connect the vehicle to the
grid to use electricity more rationally [4, 51, 70]. V2H and
V2G systems mainly consist of battery management soft-
ware, equipment supporting two-way transmission of
electricity, and communication modules between the vehi-
cle and the power grid. A properly designed V2G and
V2H systems are aimed at optimizing charging costs for
owners of electric vehicles while providing auxiliary ser-
vices to the grid [4, 10].

Electric vehicle drives are undergoing continuous de-
velopment. New technologies related to energy storage,
charging methods, or energy transfer allow electric vehicles
to become more accessible to average consumers. The aim
of this paper is to present trends in the development of
electric-powered vehicles. The paper provides a review of
electric drive vehicles and the development of electric drive
technology in vehicles over the years.

2. Electric-drive vehicles
Classification of electric vehicle propulsion systems can

be done by electrification level. The main parameter for this
classification is considered to be the amount of electricity
that drives the vehicle. This is determined by the energy
capacity of the battery, which determines the amount of
energy expended and recuperated [69]. Vehicles equipped
with electric drive include:

— battery electric vehicle (EV) — a vehicle with an electro-
chemical battery as the energy source and an electric
motor as the drive unit

— hybrid electric vehicle (HEV) — a vehicle that combines
an internal combustion engine and an electric motor —
the internal combustion engine is the main energy
source

— plug-in hybrid vehicle (PHEV) — a vehicle in which
electric and combustion drives work together, but the
electric drive is the main drive

— fuel cell electric vehicle (FCEV) — a vehicle in which
a fuel cell and an electro-chemical battery cooperate,
and the drive unit is an electric motor.

The specifications of vehicles with electric drive sys-

tems are summarized in Table 1.
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Table 1. Technical features of vehicles with an electric drive train

Type of vehi- Drive sys- Power unit Energy sources

cle tem

BEV - Battery | Electric Electric machine | Battery

Electric motor drives charged from

Vehicle the electrical
grid

HEV — Hybrid | Internal HEV — Hybrid Internal

Electric combustion Electric Vehicle combustion

Vehicle engine engine

PHEV —Plug- | Electric PHEV — Plug-in Electric motor

in Hybrid motor drives | Hybrid Electric drives

Electric Vehicle

Vehicle

FCEV — Fuel Electric Electric machine | Fuel cells

Cell Electric motor drives

Vehicle

3. Development of electric drive technology

in passenger vehicles

In order to determine the development trends in the field
of electric drives used in vehicles, the parameters of select-
ed drive components were analyzed. On the basis of the
report [52], models of electric and plug-in hybrid passenger
cars of various segments were selected. A few of the long-
est-running models on the market were chosen. In the case
of electric vehicles (EV), the following technical parame-
ters were analyzed: total power, top speed, battery nominal
capacity, range, and curb weight. For plug-in hybrid vehicle
analyses, the parameters selected were: internal combustion
total power, electric machine total power, battery nominal
capacity, electric range, and fuel consumption.

3.1. Technological developments in electric vehicle
propulsion

Electric passenger vehicles from the four categories
highlighted in the European Commission's Regulation [30]
were investigated:

— B-segment small cars: Peugeot iOn, Renault ZOE

— C-segment medium cars: Nissan Leaf, Volkswagen
e-Golf

— D-segment large cars: Tesla Model 3

— [E-segment executive cars: Tesla Model S.

According to reports [1, 59, 71] the models under dis-
cussion are the longest-produced electric vehicles on the
market and are still very popular with customers.

The first parameter under consideration is total power
(Fig. 1). The drive unit in electric vehicles is exclusively an
electric motor. Its task is to convert the electrical energy
from the battery into mechanical energy used to drive the
wheels of the vehicle. Total vehicle power is not constant
and may depend on many factors such as ambient tempera-
ture, battery temperature and state of charge, battery type,
battery state of age and battery age.

As can be observed on Fig. 1, the total power of electric
vehicles has been increasing over the years. In the
B-segment of small passenger cars, the available total pow-
er of the Peugeot iOn was increased by only 4% over the
production period (2009-2022), while that of the Renault
ZOE (over a much shorter period: 2012-2022) was in-
creased by as much as 286%. For electric vehicles in the
C-segment of medium-sized passenger cars, the available
total power has also increased over the years. In the Nissan
Leaf, the available total power has been increased by 158%

compared to the first version of this model in 2010. The
VW e-Golf in the years 2014-2022 recorded a slight in-
crease in engine power of 18%. Tesla models from the
D-large car segment and the E-executive car segment rec-
orded a significant increase in total power, with 96% and
186% respectively.

Fig. 1. The total power output of the selected electric vehicle models from
the start of their production until 2022

Due to the increase in total power in the electric car
models analyzed, there was also an increase in top speed
(Fig. 2). However, while the increase in top speed in vehi-
cle segments B and C was small (up to around 8%), in-
creases of 20% and 61% were noted in vehicle segments D
and E.

Fig. 2. The top speed of the selected electric vehicle models analyzed from
the start of their production until 2022

An important parameter affecting the functionality of an
electric vehicle is the battery nominal capacity. Figure 3
shows the battery nominal capacity over the years of pro-
duction of electric models.

Fig. 3. The battery nominal capacity of the selected electric vehicle models
from the start of their production until 2022
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The amount of energy stored depends on the energy ca-
pacity of the battery. Energy storage technology is still
undergoing significant advances, such as in the area of
materials used in cathodes and anodes. Current studies are
aimed at obtaining the highest possible energy density and
high energy density at the same time, while reducing the
size and weight of the battery. As shown in Fig. 3, the nom-
inal battery capacity increased in the analyzed models of
electric vehicles. The nominal battery capacity has slightly
increased in the Peugeot iOn, by 10%. Over the years of
production, the nominal battery capacity of the Nissan Leaf
(by 158%) and Renault ZOE (by 111%) has been signifi-
cantly increased. For Tesla vehicles, the nominal battery
capacity has been increased by 61% on the Model 3 and
18% on the Model S, respectively.

The popularity of electric vehicles is largely determined
by their functional features. One of the important parame-
ters taken into account by future users is the range. The
range can be defined as the distance that an electric vehicle
can travel from fully charging the battery to its discharge to
the limit level. From the point of view of especially new
EV users, range is a key issue in the operation of this type
of vehicle. The concern about the limited range of electric
vehicles causes a phenomenon called "range anxiety" [13,
49, 50]. A properly placed charging network can reduce
range anxiety. The problem with EV use is the long battery
charging time, which, depending on the battery capacity
and charging method, can take up to several hours. Figure 4
shows the range of the analyzed EV models during their
production period.

Fig. 4. The battery nominal capacity of the selected electric vehicle models
from the start of their production until 2022

As shown in Fig. 4, the range of most of the analyzed
vehicles has increased. This is mainly due to the develop-
ment of energy storage technology. In the initial period of
production, the analyzed vehicle models from the B and C
segments showed a similar range. Compared to that period,
the largest increase in range was recorded for Nissan Leaf
(by 120%) and Renault ZOE (by 80%). It is worth mention-
ing that these vehicles saw the largest increase in nominal
battery capacity during their production period. The range
of the VW e-Golf has been extended by 20%. Based on the
information provided by the manufacturers of the analyzed
models from 2022, the range varied. Electric vehicles in the
B segment had a range from 150 to about 400 km. In the
case of C-segment electric vehicles, the range arrays from

230 km to approximately 400 km. In the case of Tesla's
Model 3, the range has been extended by 60% compared to
the first generation of this vehicle. In the Tesla Model S
over the years of production (2012-2022), the range in-
creased by 20%. In 2022, the range of Tesla vehicles from
segments D and E was even 600 km.

The increase in battery capacity not only extends the
range but also results in an increment in EV weight. The
increase in battery capacity not only extends the range but
also results in an increase in the curb weight of electric
vehicles. In the analyzed models of vehicles from segments
B and C, the increase in curb weight was small, up to 10%
over the years of production. The relatively highest increase
in curb weight was recorded for the Tesla Model 3 (20%).
Figure 5 presents the curb weight of the analyzed vehicle
models over the years of production.

Fig. 5. Curb weight of the selected electric vehicle models from the start
of their production until 2022

3.2. Technological developments in plug-in hybrid
vehicles

In recent years, plug-in hybrid vehicle technology has
undergone significant development. For this reason, select-
ed models of passenger cars with the plug-in hybrid drive
from the following segments were analyzed:

— B-segment small cars: Chevrolet Volt, Ford Fusion

Energi
— D-segment large cars: Volvo V60 Plug-in Hybrid
— J- sport utility cars: Mitsubishi Outlander PHEV, Audi

Q7 e-tron
— S- sport coupés: Porsche Panamera S E-Hybrid, BMW

i8.

Selected hybrid wvehicles are vehicles relatively the
longest available on the market according to reports [2, 18,
63]. The chosen models represent different segments, so
they have different parameters of the drive system compo-
nents.

In plug-in hybrid vehicles, the combustion engine is in-
tended to support the electric drive. Fig. 6 shows a compar-
ison of the power of internal combustion engines in the
analyzed PHEVs. As can be seen, the power of the internal
combustion engine in-creased in each of the analyzed
PHEV models during their production period. On most
selected models, ICE power has been increased slightly.
The largest increase in ICE power was recorded in
J-segment vehicles (Audi Q7 e-tron) and S-segment vehi-
cles (Porsche Panamera S E-Hybrid), by 32%.
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Fig. 6. Internal combustion engine power of the selected PHEV models
from the start of their production until 2022

The basic propulsion system of plug-in hybrid vehicles
is the electric drive. The electric drive system carries out
the movement of the vehicle while the internal combustion
engine is turned off. Figure 7 shows the power of the elec-
tric motor in PHEV models during their production period.

Fig. 7. Electric motor total power of the selected PHEV models from the
start of their production until 2022

Over the years of production, the total power of the
electric motor has increased in most of the analyzed PHEV
models. Among the selected vehicles, the largest in-crease
in electric motor power was shown by the S-segment mod-
el, the Volvo V60 (up 112%). The total power of the elec-
tric motor in the Mitsubishi Outlander and Porsche
Panamera S E-Hybrid has also been significantly increased,
by 67% and 43% respectively.

Studying the growth of available power from both com-
bustion and electric drives, it can be seen that the total
power increased and ranged between 185 and 424 kW.
However, the percentage increase in power was not identi-
cal for all models. From an almost imperceptible increase in
total power for the Ford Fusion to more than 40% for the
Volvo v60 and Mitsubishi Outlander.

Figure 8 presents the nominal capacity of the batteries
used in selected PHEV models over the years of produc-
tion. In the two analyzed vehicles, the battery capacity
remained unchanged. In other vehicles, the nominal capaci-
ty of the batteries was increased.

The nominal battery capacity of the Chevrolet Volt has
been slightly increased by 15%. Over the years of produc-
tion, the battery capacity of the Porsche Panamera S
E-Hybrid has significantly increased by 90%. For the Volvo
V60, Mitsubishi Outlander and BMW i8, the nominal bat-
tery capacity has increased by nearly 70%. The nominal
battery capacity of the hybrid drive system determines the

electric range. Figure 9 presents the electric range of the
analyzed models of plug-in hybrid vehicles over the years
of production.

Fig. 8. Battery nominal capacity of the selected PHEV models from the
start of their production until 2022

Fig. 9. The electric range of the selected PHEV models from the start
of their production until 2022

In the first versions of the analyzed PHEV models, the
electric range includes 34 km to 56 km. Extending the
range resulted in a growth in the energy capacity of the
battery. According to the manufacturers, in the 2022 PHEV
versions, the electric range was from 35 km to 104 km.
Over the years of production, the electric range of the
Mitsubishi Outlander has approximately doubled. The elec-
tric range was significantly extended for the Volvo V60
(60%), the Chevrolet Volt (52%), the Porsche Panamera S
E-Hybrid (47%), and the BMW i8 (43%).

One of the factors determining the popularity of hybrid
vehicles is the possibility of using two power sources. It is
possible to recover energy during braking, as well as driv-
ing only with an electric motor over relatively short dis-
tances, especially at low speeds, e.g. in traffic jams. An
important argument for using this type of vehicle is lower
fuel consumption compared to the classic internal combus-
tion drive. In PHEV vehicles, after the battery is discharged
to the limit point, the vehicle uses the internal combustion
engine. In each of the considered PHEV models, fuel con-
sumption has been reduced over the years of production
(Fig. 10).

In the initial production period, fuel consumption for
C-segment vehicles given by manufacturers was about 6.3
dm?/100 km. In the 2022 versions of PHEV models, the re-
ported average fuel consumption was about 13% lower. In
the analyzed models from the D and J segments, over the
years of production, the fuel consumption indicated in
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terms of fuel consumption ranges from 1.1 dm*100 km to
2.0 dm%100 km. Over the years of production of PHEV
models in the S-segment, average consumption ranged from
2.0 dm%100 km to 2.1 dm%100km. Among the analyzed
PHEV models, the largest reduction in fuel consumption
over the years of production was recorded by the Volvo
V60 (around 40% less). It is worth mentioning that among
the selected PHEV models, it was the Volvo V60 that in-
creased the battery capacity and electric motor power the
most, resulting in a longer range in electric mode.

Fig. 10. Fuel consumption of the selected PHEV models from the start
of their production until 2022

Fig. 11. Curb weight of the selected PHEV models from the start of their
production until 2022

Plug-in hybrids are characterized by a much higher
weight compared to conventional vehicles, as they are
equipped with both a classic internal combustion engine

and an electric drive. In addition, the large weight of the
vehicle is affected by the weight of the battery. In PHEV,
the battery has a much higher energy capacity than in other
types of the hybrid drive. Figure 11 shows the curb weight
of selected PHEV models over the years of production.

Of the vehicles analyzed, curb weight was slightly re-
duced in the Chevrolet Volt and Audi Q7 e-tron. For the
other models, curb weight has slightly increased over the
years of production. The Mitsubishi Outlander curb weight
increased the most, by 11%.

4. Discussion

With the continued development of energy storage
technology, the rapid expansion of the charging infrastruc-
ture, and the growing ecological awareness of society, ve-
hicles equipped with electric drives (EV and PHEV) are
expanding their market share [6, 11]. The energy capacity
of the battery largely determines the range of an electric
vehicle. Taking into account the values of the nominal
energy capacity of the battery and the range provided by the
manufacturers of the electric vehicle models analyzed earli-
er, the relationship between these parameters can be deter-
mined.

As the energy capacity of the battery increases, the
range becomes longer (Fig. 12). Analyzing the parameters,
based on the R? determination index, it can be seen that
there is a correlation between these factors, especially for
EVs it is very strong. A similar relationship occurs for plug-
in hybrid vehicles.

Analyzing selected electric vehicle models, it can be ob-
served that as the energy capacity of the battery increases,
total power also becomes higher (Fig. 13). This was needed
to ensure adequate range. In electric vehicles, the electro-
chemical battery is the source of energy. The battery capac-
ity has a direct impact on EV operation. The currently used
lithium-ion batteries provide a range of up to several hun-
dred kilometers on a single charge with a relatively moder-
ate lifespan [27, 39, 72]. The energy capacity decreases
over time [17, 23, 29]. The high costs associated with the
production of lithium-ion batteries contribute to the in-
crease in vehicle prices, thus becoming a financial barrier
for many potential buyers [36, 41, 53]. It is necessary to
develop new technologies that enable the storage of large
amounts of energy with the lowest possible weight.

Fig. 12. Distribution of nominal battery capacity and range of EVs and PHEVs
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Unfortunately, the increase in the electric capacity of
the battery results in an in-crease in the weight of the vehi-
cle (Fig. 14). There is a high correlation between these
parameters. The coefficient of determination R’ ranges
from 0.85 to 0.97. Work is still being carried out to increase
the battery capacity (energy density) without the need to
enlarge them [8, 31, 46]. Research work on new battery
technology could reverse this trend.

Taking into account the care for the natural environ-
ment, plug-in hybrid vehicles are an important alternative to
electric vehicles. Compared to an electric vehicle, a PHEV
has a combustion engine that is used when the battery is
discharged. Plug-in hybrids provide a relatively long-range
(electric and combustion). This means that the user does not
have to worry about the range and plan routes taking into
ac-count the available charging infrastructure. Driving in
pure electric mode and regenerating energy during braking
contributes to lower fuel consumption and emissions. In
a plug-in hybrid, the electric drive is the main electric drive.
The size of the battery should be selected so as to be able to
provide the longest possible range in electric mode. Over
the years, plug-in hybrid technology has undergone contin-
uous development.

Taking into account the care for the natural environ-
ment, plug-in hybrid vehicles are an important alternative to
electric vehicles. Compared to an electric vehicle, a PHEV
has a combustion engine that is used when the battery is
discharged. Plug-in hybrids provide a relatively long-range
(electric and combustion). This means that the user does not

have to worry about the range and plan routes taking into
account the available charging infrastructure. Driving in
pure electric mode and regenerating energy during braking
contributes to lower fuel consumption and emissions. In
a plug-in hybrid, the electric drive is the main electric drive.
The size of the battery should be selected so as to be able to
provide the longest possible range in electric mode. Over
the years, plug-in hybrid technology has undergone contin-
uous development.

As in the case of electric vehicles, PHEVs are signifi-
cantly affected by the development of energy storage tech-
nology. Taking into account the parameters of the drive
components provided by the manufacturers of the analyzed
PHEV models, it can be seen that the increase in battery
capacity translates into a longer electric range, which in
turn reduces fuel consumption. The authors of the paper
[55] studied the electric range value of a PHEV vehicle
during regular driving on routes of various lengths. The
results of the study showed that a route of about 20 km is
covered between 15-35% in electric mode, a route measur-
ing 40 km is carried out about 50% exclusively in electric
mode, and a route of about 60 km is traveled about 75%
using the electric drive. In most of the tested PHEV models,
over the years of production, the electric range was extend-
ed, while fuel consumption was reduced. The increase in
the energy capacity of the battery also contributes to the
reduction of fuel consumption. In most of the tested PHEV
models, the battery capacity has increased over the years of
production, resulting in lower fuel consumption.

Fig. 13. Distribution of nominal battery capacity and total power of EVs

Fig. 14. Distribution of nominal battery capacity and curb weight of EVs
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5. Conclusions

EU policy is aimed at reducing vehicles powered by in-
ternal combustion engines. Great emphasis is placed on the
electrification of transport and the reduction of greenhouse
gas emissions. Incentives and subsidies for the purchase of
electric cars and the development of charging infrastructure
may contribute to increasing the share of EVs in the auto-
motive market.

Over the years, electric vehicles have undergone con-
stant changes. The purpose of this work was to present
trends in the development of electric vehicles. Based on the
results of the analyses, it can be observed that over the
years the energy capacity of the battery has increased with
a slight increase in the weight of the vehicle. Thanks to the
development of energy storage technology, a longer electric
range could be achieved. An alternative to electric vehicles
are plug-in hybrid vehicles. Compared to traditional hybrid
electric vehicles, PHEVs are equipped with batteries with
a higher energy capacity that can be charged from the pow-

er grid. In plug-in hybrid vehicles, the internal combustion
engine is designed to support the electric drive after the
battery is discharged. Over the past years, the energy capac-
ity of the battery in plug-in hybrid vehicles has been in-
creased, with a slight increase in the vehicle's curb weight.
There was also an increase in the total power of the electric
motor. This results in a longer electric range and lower fuel
consumption.

Electric vehicles are currently one of the solutions to re-
duce greenhouse gas emissions in transport. During opera-
tion, EVs do not emit harmful substances into the air, un-
like conventional combustion vehicles. There is still scope
to further reducing greenhouse gas emissions over the en-
tire life cycle of a vehicle, both in the operational phase by
expanding the renewable energy infrastructure and in the
production phase. Sustainability should not be limited to the
use of hybrid or electric vehicles. It should take into ac-
count the modification of their construction by using new,
more environmentally friendly, or recycled materials.

Nomenclature

EV  battery electric vehicles
FCEL fuel cell vehicles

HEV hybrid electric vehicles
ICE internal combustion engine

ICEV conventional vehicle

PHEV plug-in hybrid electric vehicle
V2G Vehicle-to-Grid

V2H Vehicle-to-Home
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This paper presents an analysis of six sets of engine valves, each set consisting of one exhaust valve and one
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were subjected to microscopic analysis, hardness measurement and chemical composition analysis using a glow
discharge spectrometer and energy dispersive spectroscopy (EDS). The design and materials of the valves
showed that both the intake and exhaust valves in their present form would be a strength of the engine.
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1. Introduction

1.1. Types of engine valves

Intake and exhaust valves are very important engine
components. The intake valve system allows clean air or
the fuel-air mixture to enter the chamber and the exhaust
valves force the exhaust gases out of the engine. Air
enters the cylinder with the intake valves open. Combus-
tion in the cylinder takes place when the intake valves
are closed by means of a spring. Once combustion is
complete, the camshaft opens the exhaust valves and the
burnt gases flow out of the cylinder [2]. The spring keeps
the valve connected to the camshaft as it moves. The
valve system moves in the valve guide, which may be an
integral part of the cylinder head or may be a separate
unit pressed into the head [4].

The most commonly used type of valves are the
globe valves shown in Fig. 1, they have the following
variations [6, 10]:

1. Uniform valves, valves made entirely of a single
grade of steel

2. Bimetallic valves, where the stem is made of a differ-
ent grade of steel than the plug and the parts are fric-
tion-welded. Valves of this type are mainly intake
valves

3. Hollow-tube valves, a type of valve made of a single
grade of steel hollow in the middle and filled with ni-

trogen [11].

Fig. 1. Valve set No. 6

1.2. Steels for engine valves

Many factors can cause a valve to fail, such as ther-
mal overload caused by operating temperatures of up to
775°C for exhaust valves and 450°C to 550°C [1, 8, 9] for
intake valves, mechanical or longitudinal cyclic stresses,
and exposure to chemically attacking metals [7, 8, 12],
such as lead tetroxide, which can cause corrosion. Intake
and exhaust valve materials differ due to the operating
conditions under which they are subjected. Exhaust
valves operate under much heavier conditions than inlet
valves and are subjected to, among other things, high
temperatures, complex chemical erosion of gasses and
potential particles [5, 8]. In the production of uniform
valves, the intake and exhaust valves are manufactured
from different types of steel [8]. In the case of inlet valves,
these are ferritic-martensitic steels, e.g. X45CrSi9-3 or
XB80CrNiSi20; in the case of outlet valves, austenitic
steels, e.g. X53CrMnNiN21-9 or X50CrMnNiNbN21-9,
are used. In the case of bimetal valves, the plug is made
from X85CrMoV18-2 steel and the stem from a Cr-Si
steel alloy such as X45CrSi9-3. In some situations, nick-
el alloys such as NiCr20TiAl designed for high-
temperature service, thus providing high resistance to
corrosion.

Table 1. Chemical composition of steel X45CrSi9-3

Object Chemical composition [wt%]
X45CrS C Mn Si P S Cr Ni
i9-3 0.35-0.5 | <0.7 | 2.0-3.0{<0.030]| <0.030 | 8.0-10.0 | <0.6

Table 2. Chemical composition of steel X53CrMnNiN21-9

Object Chemical composition [wt%]
X53Cr C Mn | Si P S Cr Ni
MnNiN

21-9 0.48-0.58 [8-10|<0.25| <0.045 |<0.03| 20-22 |0.3-0.5

1.3. How engine valves are produced

The production of engine valves is a complex process
starting with the selection of material, which is then cut
to length in the form of steel rods supplied by the suppli-
er and the ends are chamfered by grinding. The cut bars
are then transferred to a hydraulic press, where they are
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swelled and forged to form the valve disc [3]. In the case
of bimetallic valves, the disc section is first joined to the
stem section and then swelled and forged. The next step
is to machine the valve face and disc according to the
customer's order and, in addition, to machine the stem in
order to achieve the right transition between disc and
stem. Finally, the stem end is machined to produce the
corresponding grooves, which are the connecting ele-
ment between the valve and the rocker arm. Once the
valves have been manufactured, they are tested to check
for any defects using ultrasonic inspection and, finally,
the valves are cleaned in an alkaline bath [6].

2. Research objective and method

2.1. Subject of the study

The subject of the tests conducted in this study was
six sets of engine valves, each consisting of one intake
valve and one intake valve, in order to evaluate engine
valve materials. All that is known about each pair of
valves is that they operated in an engine with a different
displacement and drove a different mileage or, as in the
case of pair number 3, experienced engine failure. Half
of the valves worked in a diesel engine and the rest in
a gasoline engine. The valves were labeled as follows:

Table 3. Overview of valve sets

Set 1 Petrol 2.0 mileage 200,000 km

Set 2 Diesel 1.9 TDI, mileage 250,000 km
Set 3 Diesel 1.9 broken timing belt

Set4 Petrol 1.4, mileage 110,000 km
Set5 Petrol 1.8 mileage 230,000 km

Set 6 Diesel 2.0 TDI mileage 200,000 km

2.2. Methodology of research

All tests were conducted on samples cut from valve
cross sections. Microscopic examinations were per-
formed using a Nikon Eclipse MA 200 metallographic
microscope coupled to a Nikon CCD MA digital camera.
The studies were carried out at magnifications ranging
from 100x to 500x in the undigested state and after etch-
ing. The samples were etched electrolytically after which
the images were taken again. Hardness measurements
were made using the Vickers method with a Zwick Roell
72.5 hardness tester under a load of 2 kgf (19.61 N) at 15 s.
Four measurements plus a control measurement were
made for each sample. The chemical composition was
analyzed in two ways. One method was analysis with
a LECO GDS-500 A fluorescence spectroscope using
fluorescence excited optical emission spectroscopy. The
second method used to study the chemical composition
was energy dispersive spectroscopy (EDS) performed
with a JEOL JSM-6610A scanning microscope.

3. Results

3.1. Microscopic results

On microscopic examination in the unpreserved state,
oxide inclusions in the form of bands of fine spherical
black particles and larger, irregularly shaped silicate
inclusions, which are ellipses of various sizes, can be
observed in the inlet valves (Fig. 2a). In the case of outlet
valves, groups of oxide inclusions and bright, irregular

inclusions of titanium nitride compounds are similarly
observed (Fig. 2b).

Each tests show for the inlet valves a tempering
troostite structure with carbide precipitations, indicating
that the steel has gone through a high tempering process
(Fig. 3b). In the case of the exhaust valves, an alloyed
austenite structure with carbide precipitations can be
observed (Fig. 3a). The etching tests showed different
grain sizes for the bottom valves and varying amounts of
carbides, which influenced the values of the hardness
measurements.

Fig. 2. (a) non-etched structure of the inlet valve from set 1 at (b) non-
etched structure of the outlet valve from set 6

Fig. 3. a) alloyed austenite structure of the outlet valve from set 1 at b)
troostite structure of the inlet valve from set 5

3.2. Chemical composition analysis

Investigations of the chemical composition with the
fluorescence spectrometer were carried out in full for the
sets 2,3,6; in addition, tests were made for the outlet
valve of set 4 and for the inlet valve of set 5. The meas-
urements showed that the outlet valves were made from
a single steel grade, differing only minimally in the per-
cent content of the elements. The steel from which the
valves were made was 21-4NNbW, which is a medium-
carbon heat-resistant alloy steel. In the case of the inlet
valves, the valves were made from a single grade of
steel, namely X45CrSi9-3, which is a medium-carbon
heat-resistant chromium-silicon alloy steel and, as in the
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Table 4. Chemical compositions of outlet valves

Object Chemical composition [wt%]
C Mn Si P S Cr Ni Nb Ti
Set 2 0.535 9.33 0.264 0.007 0.003 21.29 3.62 1.82 0.028
Set 3 0.525 9.25 0.122 0.00 0.001 21.45 3.65 1.94 0.026
Set 4 0.572 9.12 0.332 0.01 0.005 21.21 3.66 1.77 0.03
Set 6 0.498 9.36 0.291 0.006 0.002 21.07 3.60 1.68 0.023

Table 5. Chemical compositions of inlet valves

Object Chemical composition [wt%]
C Mn Si P S Cr Ni Mo Ti
Set 2 0.470 0.299 3.19 0.017 0.006 9.576 0.313 0.063 0.013
Set 3 0.455 0.268 3.34 0.009 0.006 9.754 0.172 0.033 0.012
Set 5 0.496 0.433 3.27 0.009 0.009 9.676 0.153 0.035 0.019
Set 6 0.471 0.314 3.53 0.005 0.008 8.955 0.087 0.032 0.026

case of the outlet valves, the same chemical composition
contains the same elements with only minimal differ-
ences in elemental content. When tested by EDS, the
valves tested were found to have similar significant ele-
ment contents. In the case of the exhaust valves, the main
elements with the highest content are Chromium at
around 20%, Chromium at around 9% and Nickel at
around 3%. As for the intake valves, similar values were
found for the exhaust valves, with Chromium at around
9% and Silicon at around 3.5%. This allows us to con-
clude that the valves tested with EDS are made of the
same steels as those tested with the glow spectrometer.

Fig. 4. EDS test spectrum for the inlet valve from kit no. 4

Table 6. Results of the chemical composition after EDS testing for the
inlet valve from kit no. 4

Object Chemical composition [wt%]
Inlet valve Fe Cr Si
no. 4 86.63 9.91 3.46

3.3. Results of hardness measurements

The results of the hardness measurements show
a large discrepancy between the different valve samples,
in the case of set No. 6 it can be seen that the inlet valve
from this configuration obtained the highest average
measurement result of 417.3 HV, while in the case of the
outlet valves the second worst result was 321.6 HV and
the best result was obtained by set No. 3, whose outlet
valve obtained a value of 376.7 HV. The differences in
hardness measurements are due to differences in micro-
structures and chemical compositions in the case of the
inlet valve of set No. 6, it has the highest amount of
silicon among the inlet valves, while the outlet valve of

set No. 3 has the highest amount of chromium among the
outlet valves.

Table 7. Averaged results of hardness measurements for sets 1-3

Inlet valves Outlet valves
Object Average hardness [HV] Average hardness [HV]
Set 1 353.2 3233
Set 2 381.3 358.5
Set 3 394.0 376.7

Table 8. Averaged results of hardness measurements for sets 4-6

Inlet valves Outlet valves
Object Average hardness [HV] Average hardness [HV]
Set 4 378.9 3034
Set 5 351.7 343.4
Set 6 417.3 321.6

4. Conclusions

On the basis of the tests carried out, it was found that
in the case of the inlet valves, they were made from the
X45CrSi9-3 steel grade, which is a medium-carbon alloy
steel. These valves achieved quite varied hardness re-
sults, reaching higher hardness values compared to the
valve steel in the exhaust valves. Testing in the undigest-
ed state showed the presence of oxides and silicates,
which negatively affect the hardness and strength of the
valves. In the pickled state, a tempering sorbite resulting
from high tempering was identified. When analysing the
chemical composition, we can note the presence of impu-
rities in the form of sulphur and phosphorus, which nega-
tively affect the hardness of the steel, but the high
amount of chromium has a neutralising effect on the
impurities. In addition, there are large amounts of silicon
in the intake valve steels, plus the presence of elements
such as titanium and manganese, which further affect the
hardness and fineness of the steel. This allows us to
conclude that the intake valve steel will perform well.

The steel grade of the exhaust valves is 21-4NNbW,
which is a medium-carbon alloy steel. Similar to the inlet
valves, the valves achieved quite different hardness
measurements and these are due to the presence of an
alloyed austenite structure. Tests in the undigested state
showed a high presence of oxide inclusions and carbides
affecting the hardness of the valves. In the case of the
etched structure, the presence of a carbide structure in
the alloy austenite matrix was identified. In the case of
the chemical composition, we have the presence of impu-
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rities in the form of sulphur and phosphorus, negatively
affecting the hardness and strength of the steel. However,
the presence of a large amount of chromium and manga-
nese reduces the influence of the presence of impurities;
in addition, the large presence of elements such as man-
ganese, nickel and cobalt are strongly austenitic ele-
ments, which only confirms the presence of an alloy
austenite structure. In addition, manganese, chromium
and titanium increase the hardness of the steel. In sum-

mary, the steel from which the outlet valves are made
will perform well.

The design and materials of the valves allow us to
conclude that both intake and exhaust valves, in their
current form, will be a strong part of the engine. On the
other hand, the fact that different grades of steel are used
for exhaust and intake valves is due to the difference in
operating conditions.
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The test results and their analysis was discussed in this article. The tests were carried out in accordance
with the WLTP (Worldwide Light Duty Test Procedure), on a passenger car with a compression ignition engine.
The analysis was conducted doe the following variables: vehicle speed, exhaust emission rate and fuel consump-
tion volumetric rate. The subject of the research are exhaust emission components that are harmful to the health
of living organisms: carbon monoxide, hydrocarbons and nitrogen oxides, as well as greenhouse gases. The
research results have shown a very large range of values for carbon monoxide, organic compounds and nitrogen
oxides emission rate characteristics. The average distance-specific emissions values of carbon monoxide,
organic compounds and nitrogen oxides were very small and were in line with the Euro 6 requirements within
a large margin. Correlation studies of the measured variables were conducted — between vehicle speed and
exhaust emission rate as well as volumetric fuel consumption rates, and between exhaust emission rates and
volumetric fuel consumption rates. The correlation studies have shown that the highest coefficient of determina-
tion in relation to vehicle speed was found for volumetric fuel consumption and carbon dioxide emission rate,
and the weakest correlation for carbon monoxide emission rate and nitrogen oxides emission rate. The correla-
tion between the rate of volumetric fuel consumption and carbon dioxide emission, as well as for hydrocarbon
emission and methane emission rates, was found to be the strongest. The carbon monoxide emission rate was the
least correlated with all the other measured variables. Dimensionless statistical characteristics of the measured
variables were determined, such as: extreme values, range, mean value, median, standard deviation, kurtosis,
skewness and coefficient of variation. For all of them, the mean value was much greater than the median, and
the standard deviation was greater still, than both of those values. The numerical distributions for the values of
exhaust emission rate and volumetric fuel consumption turned out to be leptokurtic and have right-sided
asymmetry. The coefficient of variation analysis made it possible to assess that the most dynamic properties
could be observed in organic compounds emission rate, followed by carbon monoxide and nitrogen oxides
emission rates, and finally — the vehicle speed. Histograms of the examined processes were determined. The
vehicle speed histogram was characterized by relative uniformity apart from the dominance of the idle speed.
Histograms of exhaust emission rate variables were most frequently dominated by small values. The zero values
occurred less frequently for the fuel consumption volumetric rate histogram. Based on the conducted research
and the obtained data, a set of conclusions was drawn.

Key words: diesel engine, exhaust emission, WLTC test
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1. Introduction

not only on the averaged values of exhaust emission charac-

Type approval tests for LDV (Light Duty Vehicle) are
carried out on a chassis dynamometers in the WLTC
(Worldwide Light Duty Test Cycle) test in the European
Union. This test is the replacement of the previous NEDC
(New European Driving Cycle) test. This change took place
along with the introduction of the Euro 6c standard — start-
ing on September 1, 2017.

Results of the distance-specific emission obtained in the
new test may be about (10-20)% greater than for the NEDC
test. The entire WLTC test procedure is more dynamic, and
the driving distance on which the measurements are record-
ed is almost twice as long. At the same time, the average
speed in the new test is about 40% greater, and the share of
complete stops has been halved.

Typically, emission and fuel consumption measure-
ments obtained in driving tests mainly concern the averaged
values of distance-specific exhaust emissions in tests or in
individual phases. Exhaust emission rate data, expressed in
relation to time, is less commonly included. These tests are
made more difficult due to the fact that modern internal
combustion engines tend to emit very low concentrations of
exhaust components in many of their operating states,
sometimes close to the lower boundary of measurement
accuracy. Despite this, it is advisable to conduct research

teristics, because the search for new possibilities of further
reducing the exhaust emission limits from internal combus-
tion engines always remains relevant.

2. Literature review and research goals

Paper [15] investigated typical dynamic vehicle traffic
conditions in WLTC tests [6, 17] in order to simulate the
PM emission from tribological elements in a car. Driving
conditions have been found to have a major impact on par-
ticulate matter generation as a result of brake and tire wear
processes. The testing approach proposed in the paper was
to evaluate the impact of the share of acceleration and de-
celeration on particulate matter emissions.

Paper [1] analyzes the effectiveness of the FEV SimEx
simulation software for simulating the operation of the
drive system and the exhaust aftertreatment system in vehi-
cles with compression ignition engines, in order to meet the
requirements of the WLTP and RDE (Real Driving Emis-
sions) procedures.

In [8], the engine operating states were analyzed in the
rotational speed — torque coordinates in the operating con-
ditions present in the WLTC test. The obtained results were
used for a comparative assessment between various shares
of LPG fuel in a dual-fuel diesel engine.
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Paper [11] presents the results of the NEDC and WLTC
tests of 14 passenger cars in order to analyze the carbon
dioxide emissions. The tests were carried out in the years
2014-2016 at the request of the Dutch Ministry of Infra-
structure and Environment and were aimed at examining
the impact that the choice of test procedures had on exhaust
emissions.

Another cited paper [16] used its research results to ana-
lyze the carbon dioxide emissions from the engines of a
passenger car and a light truck in the WLTC test. Simula-
tion tests were also carried out using CO,MPAS (CO,
Model for Passenger and Commercial Vehicle Simulation).
Simulation tests of a turbocharged diesel engine in the
WLTC test were analyzed in [5]. The results of the simula-
tion tests were verified with the results obtained in empiri-
cal tests. The research results concerned energy and eco-
nomic characteristics as well as exhaust emissions.

The authors of [14] undertook the task of evaluating the
discrepancies in the results of exhaust emission and fuel
consumption in type approval tests and other vehicle driv-
ing conditions. For this purpose, comparative tests were
carried out in the WLTC test and in the CADC (Common
Artemis Driving Cycle) test [17]. The paper presents the
results of engine operating states expressed in the coordi-
nates vehicle speed and acceleration.

The article [7] presents the method of verification of
EURO 11 standard in real life conditions for special vehi-
cles. The test object qualified as a special vehicle of N3G
category was tested in road conditions along a defined
route, and then the obtained measurement results were
compared to the exhaust emission standard (EURO III)
applicable for this wvehicle in transient testing mode.
A method of comparing the emission factors in road condi-
tions with the indicators obtained on the engine dynamome-
ter was proposed. An AVL mobile exhaust gas analyzers
(PEMS) dedicated for the Real Driving Emissions (RDE)
road tests were used in the research.

In paper [12] presents NO,, CO, and solid particulate
number PN emissions of 53 gasoline and diesel passenger
cars type-approved in the EU after the entry into force of
the WLTP and RDE (i.e., meeting the Euro 6d-TEMP and
Euro 6d standards). Emissions data over WLTP and RDE
tests on in-use vehicles was collected by the Joint Research
Center (JRC) of the European Commission in the period
2018-2021. Emissions are characterized by powertrain, fuel
type, and test procedure. All vehicles comply well with
Euro 6 emission limits and no statistically significant dif-
ferences are found in NO,, CO, and PN emissions measured
over the complete WLTP and RDE tests, both for gasoline
and diesel vehicles.

Another paper [9] presents the test results of three cars
equipped with spark-ignition engines with the same dis-
placement. Both NEDC and WLTC tests were performed.
The test results showed an ambiguous impact of the test
type on fuel consumption. The average distance-specific
exhaust emissions turned out to be higher in the WLTC test
except for hydrocarbons, for which the results turned out
inconclusive.

The goal of paper [3] was to analyze the correlation be-
tween carbon monoxide, hydrocarbons, nitrogen oxides and

carbon dioxide emissions in different operating conditions
of an internal combustion engine vehicle. The engine per-
formance was tested on a chassis dynamometer in tests
simulating real driving conditions for different vehicles,
such as: traffic jams, non-congested urban traffic, extra-
urban traffic and travel on highways and expressways. An
analysis of the correlation dependence of the exhaust emis-
sion rate on the useful engine power and the correlation
interdependence between the emission rate of individual
exhaust components was carried out. Pearson's linear corre-
lation, The Authors calculated and provided the Spearman's
rank correlation, Kruskal's gamma correlation and Kendall's
tau correlation coefficients. It was found that the exhaust
emission rate in the test drive tests strongly depended on
the dynamic states of engine operation.

Paper [4] presents the results of diesel particulate filters
efficiency testing in order to reduce the number of emitted
particles. The tests were carried out in real conditions, in an
RDE test. using a passenger car. The results of this study
confirmed the effectiveness of using particulate filters in
accordance with the test procedure applicable in RDE tests.
The results found in the literature concern in most cases
only the dimensionless characteristics of the exhaust emis-
sion and fuel consumption variables, which are the func-
tionals of these processes such as the average value. In the
literature on the subject, basically no works could be found
that would discuss the properties of the vehicle and engine
operating states and the processes describing the exhaust
emissions and fuel consumption, taking into account their
dynamic properties.

Active grille shutter (AGS) design and implementation
has been discussed in paper [2], a work that Tata Motors
European Technical Centre (TMETC) has led for Tata
Motors, and we have found that it improves the vehicle fuel
economy in the real world. The program of work includes
vehicle efficiency; fuel economy improvement, starting
from optimizing current energy balance; vehicle level per-
formance; investigation of parasitic losses; and introducing
technologies, which can crawl back losses and increase the
efficiency, thereby improving real-world fuel economy
while reducing emissions.

Along with the stated research aim, with results as pre-
sented in this article, another aim was to learn about the
properties of the vehicle speed characteristic, the exhaust
emission rate, and the volumetric fuel consumption in the
WLTC test. The main objectives of this research significantly
exceed just determining the mean distance-specific exhaust
emissions, that are commonly the main subjects of such
studies in the literature, which characterize their originality.

The objectives of researching these variables were to re-
late to their statistical properties, correlations between vari-
ables, and their properties in the aspect of the obtained data.

3. Method

A passenger car with a four-cylinder diesel engine, a dis-
placement of 1.5 dm® was the main test object used in this
research. The vehicle’s engine had a rated power of 96 kW
and was eco-class for exhaust emissions meeting the norm
Euro 6 AP. The car was equipped with a 6-gear manual gear-
box. During the tests, fuel used in accordance with the appli-
cable standards for diesel oil (PN-EN 590:2022-08).
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The tests were carried out on a single roller chassis dy-
namometer. The emission tests concerned substances that
were:

— harmful to the health of living organisms, such as: car-
bon monoxide, organic compounds and nitrogen oxides,

— promoting the formation of gasses driving the green-
house effect, such as: carbon dioxide and methane.

The exhaust emission measurement system used: CFV-
CVS exhaust gas sampling system, a set of analyzers
equipped with dual-range analyzers, that enabled the meas-
urement of concentrations of: carbon monoxide, hydrocar-
bons, non-methane hydrocarbons and methane, nitrogen
oxides and carbon dioxide.

The measurements were made in a WLTC test. The fol-
lowing quantities were measured:

— vehicle speed — v,

— carbon monoxide exhaust emission rate — Eco,

— hydrocarbons exhaust emission rate — Epc,

— non-methane hydrocarbons exhaust emission rate
EnmHc,

— methane exhaust emission rate — Ecua,

— nitrogen oxides exhaust emission rate — Eyox,

— carbon dioxide exhaust emission rate — Ecop,

— fuel consumption volumetric rate — g.

The analysis of the obtained data included:

— determining the average distance-specific exhaust emis-
sion — b and the average operational volumetric fuel
consumption — Q,

— correlation studies between the exhaust emission rate
and volumetric fuel consumption rate and the vehicle
speed data,

— determining dimensionless statistical characteristics of
the variables such as: vehicle speed, exhaust emission
rate and volumetric fuel consumption rate,

— measuring the data values of: vehicle speed, exhaust
emission rate and volumetric fuel consumption.

The total test exhaust emission — m is the integral of the
emission rate of the substance measured in the time do-
main:

m = [, E(Ddt )

where: T — test duration.
Volumetric fuel consumption in the test — V is:

V= [ q®dt 2

The road distance covered by the vehicle in the test was
calculated using:

L= [ v(t)dt ©)

The average distance-specific exhaust emission in the
test is the ratio of the exhaust emission to the distance trav-
eled by the vehicle:

b=T @)

The average in-service volumetric fuel consumption in
the test is the ratio of the volumetric fuel consumption and
the distance traveled by the car:

Q=7 5)

The determination coefficients between the exhaust
emission rate and volumetric fuel consumption rate data,
and the speed characteristic were obtained as a result of
correlation studies between these variables.

The determined dimensionless characteristics of the
measured parameters included: minimum value, maximum
value, range, mean value, median, standard deviation, kur-
tosis, skewness and coefficient of variation.

Research on the measured variable values, such as: ve-
hicle speed, exhaust emission rate and volumetric fuel con-
sumption rate included determining the histograms of these
variables.

4. Research results

The research results were obtained for: vehicle driving
speed in the test, the exhaust emission rate and the volumet-
ric fuel consumption rate. In order to reduce the share of
high-frequency noise in the signals they were then subject-
ed to a low-pass filtration with a fifth-order non-recursive
filter [8]. Data analyzes were performed on already filtered
signals.

Figure 1 shows the vehicle driving speed characteristic
as measured in the test.

140
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40

20
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Fig. 1. Vehicle speed — v in the test

Figures 2—7 display the exhaust emission rates obtained
in the test.

The very large range of values for carbon monoxide, or-
ganic compounds and nitrogen oxides emission rate was
characteristic of this test.

Modern automotive diesel engines are characterized by
very low distance-specific exhaust emission — to the point
where sometimes the pollutants concentration in the ex-
haust gas diluted with air in the measuring system nears the
concentration of pollutants in the air used for the dilution
itself. Hence the emission rate of carbon monoxide, organic
compounds and nitrogen oxides was close to zero in many
parts of the test. This was not the case with carbon dioxide,
the concentration of which was much greater than the con-
centration of other measured exhaust components.
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Fig. 2. Carbon monoxide exhaust emission intensity — Eco in the test

Fig. 3. Hydrocarbons exhaust emission intensity — Eyc in the test

Fig. 4. Non-methane hydrocarbons exhaust emission intensity — Exmuc in
the test

Fig. 5. Methane exhaust emission intensity — Ecpa in the test

Fig. 6. Nitrogen oxides exhaust emission intensity — Exoyx in the test

Fig. 7. Carbon dioxide exhaust emission intensity — Eco in the test

The volumetric fuel consumption by the car engine in
the test was also measured (Fig. 8).

Fig. 8. Volumetric fuel consumption rate — g of the vehicle engine in the
test

The volumetric fuel consumption rate was obviously
strongly correlated with the fuel consumption rate.

5. Research analysis

Table 1 contains the mean distance-specific exhaust
emission of the measured components as well as the aver-
age operating fuel consumption in the test.

The mean distance-specific emissions of carbon monox-
ide, organic compounds and nitrogen oxides measured had
a very small value, which is characteristic trait of modern
diesel engines. The same applies to operational fuel con-
sumption.
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Table 1. Mean distance-specific exhaust emissions and mean operational
fuel consumption in the WLTC test

bco 45.62
bhc 17.13
bNMHC mg/km 4.96

bera 13.71
brox 50.95
bcoz g/km 150.92
Q dm®/100 km 5.66

The distance-specific exhaust emission in the WLTC
test allowed the vehicle to reach the Euro 6 norm limits
with a large margin. The measured emissions could in-
crease without exceeding the norm limits:

— for carbon monoxide emissions, the measured value

would be permitted to increase by over 90%,

— for total hydrocarbons and nitrogen oxides, the meas-

ured value would be permitted to increase by 60%,

— for nitrogen oxides, the measured value would be per-

mitted to increase by almost 40%.

Calculations were made to determine the correlation be-
tween the exhaust emission rate, the volumetric fuel con-
sumption rate and the vehicle speed. Table 2 shows the
coefficient of determination [5] between these variables.

The volumetric fuel consumption and carbon dioxide
emission rate were most strongly correlated with the vehi-
cle speed. While carbon monoxide and nitrogen oxide
emission rates were the least correlated with vehicle speed.
The correlation was stronger in the case of organic com-
pounds — the coefficients of determination between vehicle
speed and hydrocarbon emission rate, as well as between
the vehicle speed and methane emission rate, were found to
have a similar value.

Table 2. Coefficient of determination — R? between the exhaust emission
rate, the volumetric fuel consumption rate and the vehicle speed

R’
Eco 0.0028
Eoc 0.1708
Enmnc 0.0499
ECHA 0.1943
Enox 0.0077
Econ 0.5799
q 0.5834

Figures 9-12 include correlation diagrams between ex-
haust emission rates and volumetric fuel consumption rate
and vehicle speed.

Fig. 9. Correlation between carbon monoxide emission rate — Eco and
vehicle speed — v

Fig. 10. Correlation between hydrocarbon emission rate — Eyc and vehicle
speed —v

Correlation between the exhaust emission rates and the
volumetric fuel consumption rate was also calculated. The
coefficient of determination between these variables was
calculated for each combination (Table 3).

Fig. 11. Correlation between carbon dioxide emission rate — Eco, and
vehicle speed — v

Fig. 12. Correlation between volumetric fuel consumption rate — q and
vehicle speed — v

The volumetric fuel consumption and carbon dioxide
emission rate were the most strongly correlated. There was
obviously also a very strong correlation between the hydro-
carbon emissions rate and the methane emissions rate.
Strong correlation was also found between the emission
rates of other measured hydrocarbon components. The
correlation between the hydrocarbon emission rate, me-
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thane emission rate, carbon dioxide emissions rate and the
volumetric fuel consumption rate were all also relatively
strong.

Table 3. Coefficients of determination — R? between the exhaust emission
rates of all the measured exhaust components

R
ECO EHC | ENMHC | ECHs | ENOy | ECO; [ q

ECO

EHC 0.0773

ENMHC | 0.0692 | 0.6621

ECH, 0.0626 | 0.9258 | 0.4012

ENOy 0.1590 | 0.0004 | 0.0054 | 0.0030

ECO, 0.0467 | 0.3638 | 0.1130 | 0.4040 | 0.0010

q 0.0487 | 0.3691 | 0.1186 | 0.4082 | 0.0019 | 0.9966

The lowest coefficient of determination was found for
the correlation of carbon monoxide emission rate with all
other variables except the nitrogen oxides emission rate.
Also, the nitrogen oxides emission rate was very weakly
correlated with other processes, apart from the emission
rate of carbon monoxide.

Figures 13-17 are examples of correlation graphs be-
tween the exhaust emission rate and the volumetric fuel
consumption rate.
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Fig. 13. Correlation between carbon monoxide exhaust emission rate — Eco
and hydrocarbon exhaust emission rate — Eyc
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Fig. 14. Correlation between carbon monoxide exhaust emission rate — and
carbon dioxide exhaust emission rate — Ecop,

Fig. 15. Correlation between hydrocarbons exhaust emission rate — EHC
and volumetric fuel consumption rate — g

Fig. 16. Correlation between nitrogen oxides exhaust emission rate —
ENOy and volumetric fuel consumption rate —q

Fig. 17. Correlation between carbon dioxide exhaust emission rate — ECO2
and volumetric fuel consumption rate — g

Figure 18 shows the dimensionless statistical character-
istics of the vehicle speed.

A characteristic of the vehicle speed data is that the me-
dian speed is close to the average speed in value.

Dimensionless characteristics of the statistical exhaust
emission rates were also calculated (Fig. 19-24).
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Fig. 18. Dimensionless statistical characteristics of the vehicle speed — v

Fig. 19. Dimensionless statistical characteristics of carbon monoxide
emission rate — Eco

Fig. 20. Dimensionless statistical characteristics of hydrocarbons emission
rate — Enc

Fig. 21. Dimensionless statistical characteristics of non-methane hydrocar-
bons emission rate — Enmnc

Fig. 22. Dimensionless statistical characteristics of methane emission rate
— Echa

Fig. 23. Dimensionless statistical characteristics of nitrogen oxides emis-
sion rate — Enox

Fig. 24. Dimensionless statistical characteristics of carbon dioxide emis-
sion rate — Ecoz

For every substance’s exhaust emission rate, the average
value was much greater than the median, and the standard
deviation of both of these values was much greater. The
smallest differences occurred in the case of carbon dioxide
emission rate.

Figure 25 presents dimensionless statistical characteris-
tics of the volumetric fuel consumption rate.

The relationships between mean value, median and
standard deviation for the volumetric fuel consumption rate
were similar to those for the carbon dioxide emission rate.

Further on, kurtosis, skewness and coefficient of varia-
tion of the measured variables were determined (Fig. 26—
28).
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Fig. 25. Dimensionless statistical characteristics of the volumetric fuel
consumption rate —q

Fig. 26. Kurtosis — K of the measured variables

Fig. 27. Skewness — S of the measured variables

Kurtosis took on positive values for all the variables that
have been measured in this research, except for the vehicle
speed, so these are leptokurtic distributions. The kurtosis of
the vehicle speed was slightly negative — it equalled —0.5,
so the negative flattening of the distribution was not signifi-
cant. Kurtosis of organic compounds emission rate was the
highest in value, positive kurtosis of carbon dioxide emis-
sion rate and volumetric fuel consumption rate was the
smallest.

The distribution skewness of all the variables presented
was positive, so these distributions had a right-sided asym-
metry. As in the case of kurtosis, the highest value of skew-
ness was for the organic compounds emission rate, the

smallest — for the vehicle driving speed, carbon dioxide
emission rate and volumetric fuel consumption rate.

The coefficient of variation varies in their respective
values significantly. The organic compounds emission rate
had the strongest dynamic properties, followed by carbon
monoxide and nitrogen oxides. The least dynamic proper-
ties were found for the vehicle speed, followed by the car-
bon dioxide emissions rate and the volumetric fuel con-
sumption rate.

Fig. 28. Coefficients of variation — W of the measured variables

The results of the variables obtained in the study, in
terms of their values, were made into histograms. This
includes the histogram of the vehicle speed (Fig. 29).

Fig. 29. Histogram — H of vehicle speed — v

The vehicle driving speed histogram was characterized
by a relative uniformity, apart from the clear prominence of
the zero speed point.

Figures 30-35 provide the remaining histograms of all
the measured pollutants exhaust emission rates.

Fig. 30. Histogram — H of carbon monoxide exhaust emission rate — ECO
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Fig. 31. Histogram — H of hydrocarbons exhaust emission rate — Eyc

Fig. 32. Histogram — H of non-methane hydrocarbons exhaust emission
rate — Enmnc

Fig. 33. Histogram — H of methane exhaust emission rate — Ecpg

Fig. 34. Histogram — H of nitrogen oxides exhaust emission rate — Enox

Fig. 35. Histogram — H of carbon dioxide exhaust emission rate — Eco,

Histograms of exhaust emission rates were character-
ized by a clearly large share of points with small emission
values. This was due to the very high values of the local
maxima for these variables.

Figure 36 shows the histogram of the volumetric fuel
consumption rate.

Fig. 36. Histogram — H of the volumetric fuel consumption rate —q

The volumetric fuel consumption rate histogram was
notably different from the histograms of the exhaust emis-
sion rates, but a predominance in representation of low
values could still be seen.

6. Conclusion
The recorded data of exhaust emission rates of meas-

ured substances, with the exception of carbon dioxide, were
characterized by very low values, bordering on the meas-
urement accuracy, for a significant share of the test dura-
tion. This should be expected in the case of modern diesel
engines that meet the Euro 6 emission norm. The exhaust
emissions were measured in the WLTC test, which led the
authors to conclude the following:

1. The distance-specific emission of measured substances
in the WLTC test was low enough to meet the Euro 6
requirements with a large safety margin: in the case of
distance-specific emissions of carbon monoxide, that
margin was over 90% of the limit value, even for dis-
tance-specific emissions of nitrogen oxides the margin
was almost 40% of the limit.

2. The vehicle speed was weakly correlated with the car-
bon monoxide, nitrogen oxides and non-methane hydro-
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carbons emission rates, while also being strongly corre-
lated with the volumetric fuel consumption rate and the
carbon dioxide emission rate.

The volumetric fuel consumption rate and carbon diox-
ide emission rate were found to be most strongly corre-
lated. The correlation between the emission rates of or-
ganic compounds was also very strong. The carbon
monoxide emission rate was the least correlated with all
measured emission rates, except the emission rate of ni-
trogen oxides.

For all the obtained exhaust emission rates, the mean
value was much greater than the median, while the
standard deviation was much greater than both of those.
The median value was close to the average value only in
the case of the vehicle speed. For all the examined vari-
ables, except for the vehicle speed, kurtosis was posi-
tive. The kurtosis of the vehicle velocity was slightly
negative, so the negative flattening of the distribution
was not significant; the kurtosis value was observed for
the organic compound emission rate, while the smallest
positive kurtosis value could be seen for the carbon di-
oxide emission rate and the volumetric fuel consump-
tion rate.

5.

The skewness of all the measured variables distributions
was positive. Hence these distributions had a right-sided
asymmetry. As in the case of kurtosis, the highest value
of skewness was found for the organic compounds
emission rate, and the smallest — for the vehicle speed,
carbon dioxide emission rate and volumetric fuel con-
sumption rate.

Analysis of the coefficient of variation showed that the
organic compounds exhaust emission rate had the most
dynamic properties, followed by carbon monoxide and
nitrogen oxides, and the vehicle speed was the least dy-
namic.

. The vehicle speed histogram was characterized by a

relative uniformity, apart from the very significant share
of the point of zero speed. Histograms of exhaust emis-
sion rates were characterized by a clearly significant
share of the small emission values; which was caused
by the very large values of local maxima. The fuel con-
sumption volumetric rate histogram was visibly differ-
ent from the histograms of the exhaust emission rates,
but the predominance of low process values was still
observed.

Nomenclature

AV average value NMHC non-methane hydrocarbons

CH,4 methane NO,  nitrogen oxides

CO carbon oxide q volumetric fuel consumption rate

CoO, carbon dioxide R range

D standard deviation R? coefficient of determination

E pollutant emission rate S skewness

H histogram frequency T time

HC hydrocarbons \Y/ vehicle velocity

K kurtosis w coefficient of variation

M median WLTC Worldwide Harmonized Light Vehicles Test Cycle

Max  maximum value WLTP Worldwide Harmonized Light Vehicles Test Pro-

Min minimum value cedure
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ARTICLE INFO

The paper presents an example of regeneration of a common rail piezoelectric fuel injector, which was car-

ried out with using used parts. The most important stages of maintenance activities are listed, as well as the
types of diagnostic tests performed on separate test benches. The obtained results indicate that this process can
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be effectively carried out with existing technological problems and lack of support from the manufacturer. At the
same time, it was shown that, contrary to popular belief, cannibalisation does not have to be limited only to
minor elements, but also to key components important from the point of view of the satisfactory technical
condition and correct working of the fuel injector during further operation.
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1. Introduction

Selective decomposition consists in obtaining spare
parts from damaged products, as well as their control for
reuse [26]. This process is one of the forms of recovery
being used to maintain or restore the original technical
condition in a relatively short time. For this reason, it is
successfully used in the automotive services sector, where
the efficient satisfaction of customer needs and require-
ments plays a significant role [3, 25, 27, 32]. In addition, it
enables the repair of selected assemblies or subassemblies
when new spare parts are not available on the market [16].
With regard to the fuel equipment of compression-ignition
engines, this is related to the conscious policy of manufactur-
ers who limit the regenerative capabilities of common rail
fuel injectors. This mainly applies to solutions with a stack of
piezoelectric crystals, for which replacement of the actuating
and controlling components is not provided [13, 18]. As
a result, their maintenance was reduced to cleaning, testing
and possible replacement of a worn plunger and barrel as-
sembly (needle with nozzle) for selected reference numbers.
This is the opposite of systems with a classic electromagnetic
coil, because over the years as many as three stages of repair
have been implemented for them [10, 22]. Since they were
introduced gradually, cannibalization was used for small
parts that were not offered for sale. Examples include retain-
ing pins, valve and needle springs, adjusting shims from
specific selection groups, etc. [24].

Recently, the regeneration capabilities of piezoelectric
fuel injectors have significantly improved. This is primarily
due to the availability of specialized measuring equipment,
which allows for full diagnostics [21]. In this regard, the
key issue is the software with the manufacturer's data, be-
cause the knowledge of the limit ranges eliminates the need
to look for alternative tests, e.g. drawing up reference char-
acteristic curves to assess the method of fuel dosing [23]. In
addition, modern testers offer comprehensive control of
electrical components, and test benches are equipped with
stack revitalisation functions, i.e. removing short circuits
between crystals, as well as assigning new codes after re-

pair [8, 12, 29]. Essentially, the only unresolved problem is
the lack of original spare parts, which makes it difficult to
restore the full efficiency of fuel injectors from selected
manufacturers. Nevertheless, such actions are being taken,
as shown in the discussed example.

2. Methods

2.1. Test object

The tests were carried out on a Denso G2P piezoelectric
fuel injector, which was removed from the 2.2 D-CAT
(Diesel Clean Advanced Technology) engine of a Toyota
Corolla Verso passenger car with a mileage of 322,000 km.
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Fig. 1. Denso G2P fuel injector design: own study based on [7]
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Fuel injectors of this type are the second generation of
common rail systems (CRS), working at maximum operat-
ing pressures up to 180 MPa [5, 15]. Figure 1 shows the
internal structure, detailing the elements of the hydraulic
booster, control valve and nozzle. The listed components
are analogous to the solutions from Bosch [1, 20]. A char-
acteristic feature, however, is the movable part of the con-
trol valve, which in the form of an elongated plunger
(screw) performs an additional sealing function. Unfortu-
nately, laboratory and workshop practice shows that dam-
age to its working surfaces is diagnosed relatively often,
which results in an increased amount of fuel going to the fuel
return overflow. In addition, the construction of the fuel
injector practically did not take into account the adjusting
shims, eliminating the possibility of additional correction of
fuel dosing, which the manufacturer provided for solutions
with an electromagnetically controlled valve [11, 14].

2.2. Test beds
The following equipment and instrumentation were used
in the regeneration of the tested fuel injector:
— 12PSB test bench with a Stardex test Kit,
— Mega Tester V3 piezoelectric actuator tester,
—Yizhan 13MP HDMI VGA microscope camera,
— Polsonic Sonic 9 ultrasonic cleaner,
— Facom E.316A200S electric torque wrench,
— vices, grips and workshop tools.

Fig. 2. 12PSB test bench with a Stardex test kit

The Stardex test kit included the Nova Ultima simula-
tor, the Stream flow meter and the Prima cooling, filtering
and damping module. The system was complemented by a
PC computer with the Ubuntu Linux system, equipped with
the necessary peripheral devices (Fig. 2). Its connection to
the 12PSB test bench allowed for a comprehensive fuel
injector check in automatic mode. Other control, repair and
maintenance activities, including additional calculations,
were carried out at separate laboratory stations.

2.3. Research plan

Figure 3 shows the test plan, the course of which is
analogous to the standard procedures used in the mainte-
nance of fuel injectors. Differences may result from the
access to specific diagnostic equipment, as well as the type

of irregularities found. For example, electrical tests are
usually conducted on the main test bench [17]. However,
their isolation makes it possible to detect damage to the
crystal stack already at the initial stage, which makes fur-
ther actions pointless. In the absence of a dedicated tester,
a universal multimeter with a capacitance measurement
function can be used [2, 4]. In turn, the suspicion of the
presence of metal filings entering the fuel injector from
a faulty pump will result in an earlier microscopic examina-
tion. In this way, they will not be removed during cleaning
in an ultrasonic cleaner.

' ™ ' ™
Wisual > Microscopic
check examination
' ™ ' ™
Electrical Parts
na
tests exchange
¢ "\ ¢ ™) o ™)
Internal Buying new
cleaning Assembly parts
\Td . / & s
¢ n ” ™ o ™
Preliminary Main Selective
flow tests flow tests decomposition
\ # N o . »
4 N 4 N
Disassembly Injector
into parts coding
Ultrasonic Final
washing acceptance

Fig. 3. The research plan for Denso fuel injector
3. Analysis results and discussion

3.1. Preliminary tests
During the external inspection, no external defects or
missing components of the fuel injector were detected.

Fig. 4. Testing of the electrical parameters of the fuel injector
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In the next step, electrical measurements were started,
which were carried out using the Mega Tester V3 tester
(Fig. 4). There was no breakdown of insulation between the
actuator and the main body (R; = ). In addition, almost
exemplary results were obtained for the remaining parame-
ters, as shown in Fig. 4. The capacitance of the crystal stack
was C = 3.00 pF, and its resistance R = 1.01 MQ, which is
characteristic only for piezoelectric fuel injectors from this
manufacturer. This value remained unchanged in the con-
tinuous R¢ load test.

Then, flow tests were carried out on the 12PSB test
bench with a Stardex test kit, the results of which are sum-
marized in Table 1. It can be seen that the amount of fuel
going to the overflow is definitely too high, which clearly
indicates incorrect operation of the valve group [31]. In
addition, incorrect values of the idling and pilot doses were
obtained, taken in the range of the lowest operating pres-
sures and activation times. The probable cause is the deteri-
oration of the cooperation of the plunger and barrel assem-
bly, i.e. grinding of the needle in the nozzle, and thus the
failure very often encountered at high mileage [30].

Table 1. Results of the preliminary fuel injector flow test

— Nozzle Injection dosage
Test Injection opening Jd [ml/min] ’
number | Pressure time -
pinj [MPa] t [us] Nominal range Result
1 180 600 79.1£10.0 74.4
2 180 277 27.5+6.0 27.1
3 180 194 8.7+4.0 7.9
4 140 700 76.3£11.3 68.3
5 140 317 29.3+6.0 29.8
6 140 178 6.7+4.0 4.2
7 80 696 48.3+7.0 43.7
8 80 180 4.5+3.2 1.1
9 35 693 22.5+4.5 17.1
10 35 300 5.4+4.0 13
Injection Noz;le
Test opening Back flow
number Présﬁ/‘lj;e’ time r [ml/min]
Pinj [MPa] ¢ [us]
11 160 800 35.0£25.0 | 66.8
a)
b)

Fig. 5. Examples of assemblies after disassembly: a) hydraulic booster,
valve, nozzle, b) piezoelectric actuator

Figure 5 shows the view of exemplary fuel injector
components after disassembly. At this stage, it is possible to
inspect the individual components in detail, as well as to
carry out simple tests, e.g. checking the patency of the noz-
zle openings. The easiest way is to use the WD-40 multi-
purpose spray directly (Fig. 6). This test should be regarded
as optional, usually performed when the nozzle tip is heavi-
ly coked or contaminated.

Fig. 6. Checking the patency of the nozzle openings

Fig. 7. Microscopic examination of the valve plunger

Before microscopic examination, all parts, except for
the piezoelectric actuator, were subjected to baths in an
ultrasonic cleaner and dried. The examination under high
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magnification confirmed the previous assumptions. The
edges of the valve plunger exhibited distinct signs of abra-
sive wear, similar to its working surfaces (Fig. 7). In turn,
numerous longitudinal scratches were observed on the
needle, which indicates the progressing process of its scuff-
ing (Fig. 8). In addition, corrosion was found on some parts
in contact with the fuel, such as the body of the hydraulic
booster, throttle and valve plates. As a result, a decision
was made to replace the actuating and controlling units,
omitting the efficient piezoelectric actuator.

At present, the commercial offer includes only the noz-
zle group, produced, for example, by Warszawskie Zaklady
Mechaniczne “PZL-WZM” [27]. The remaining compo-
nents were obtained through selective decomposition of
a low mileage injector, in which the non-replaceable stack
of piezoelectric crystals suffered permanent damage.

Fig. 8. Microscopic examination of the needle

Next, the assembly process was carried out. It should be
noted that the assembly of the piezoelectric actuator must
be carried out in the presence of diesel oil, as in the solu-
tions of Bosch [9]. In this way, the possibility of falsifying
test results in flow tests on the test bench is eliminated.

3.2. Main tests

Table 2 presents the results of flow tests of the fuel in-
jector after regeneration. This process should be assessed
positively, as the values of all doses were within the limit
ranges specified by the manufacturer. In addition, a small
amount of fuel going to the overflow indicates that the
valve group and the hydraulic booster are working perfectly
fine.

It is worth noting that during the repair the fuel injector
receives new IMA (German: Injektor-Mengen-Abgleich)
dosing correction codes. However, unlike solutions from
other manufacturers, it is not enough to enter them into the
engine control module (ECM), as the so-called zero dose
calibration is also required. In this process, the system per-
forms self-diagnosis, which consists in checking the meth-
od of fuel supply at various operating pressures and activa-
tion times. Essentially, only this stage ends the regeneration
procedure, although it is not directly related to it.

Table 2. Results of the main fuel injector flow test

Injection Nozzle Injection dpsage
Test - d [ml/min]
number pressure opening Nominal
Pinj [MPa] time t [ps] range Result
1 180 600 79.1£10.0 77.1
2 180 277 27.5+6.0 31.3
3 180 194 8.7+4.0 10.4
4 140 700 76.3£11.3 73.2
5 140 317 29.3+6.0 33.6
6 140 178 6.7+4.0 6.5
7 80 696 48.3£7.0 53.1
8 80 180 4.5£3.2 33
9 35 693 22.5+4.5 25.0
10 35 300 5.4+4.0 4.4
Injection Nozzle
o o
Pinj [MPa] time t [us]
11 160 800 3504250 | 115

4. Conclusions

The presented example indicates that selective decom-
position does not have to be limited solely to small compo-
nents. This is because the complete main components,
which are crucial for proper operation, have been replaced.
At present, this is essentially the only way to regenerate
Denso fuel injectors, assuming that the piezoelectric actua-
tor has not been damaged. For the above reasons, service
companies that repair fuel equipment do not sell used parts,
nor do they return them to the manufacturer. The added
value is participation in the chain of their acquisition and
reuse, which is part of the term reverse logistics [6, 19].

Acquiring used parts can be done in various ways.
Many of them come from injectors that have not been qual-
ified for flow testing, for example due to incompleteness,
lack of sealing, damage to the crystal stack, etc. They can
be left by customers themselves, provided by friendly car
workshops, or finally purchased on the secondary market.
However, it should be emphasized that a necessary condi-
tion for their reuse is a good technical condition. This
means that the main components of the executive and con-
trol assemblies must be completely free of corrosion and
any mechanical damage (cracks, material defects, traces of
rubbing, etc.) that could have a negative impact on the
functionality of the injector. Therefore, before reuse, they
should undergo procedures such as cleaning in ultrasonic
cleaners, drying, and detailed microscopic inspections.
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ARTICLE INFO

The knowledge about nanoaerosols, their potential health effects, their measurement, limitation and admin-

istrative-legal treatment has been developed in the last 3 decades in connection with the exhaust gas cleaning of
the combustion engines. Nanofiltration, which has thus become known, almost completely eliminates nanoparti-
cles with filters of high durability, high specific filtration areas, and reasonable costs. On the occasion of the
Covid pandemic, NanoCleanAir experimentally proved that the viruses in an automotive filter substrate are
separated as well as the combustion particles and are also deactivated. To minimize cross exchange of infectious
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aerosol, new attention must be paid to flow management in ventilated spaces. Digitized flow analysis has also
received significant inspiration from engine technology in the past. This paper provides information on some
basic investigations and gives valuable advice based on the experimental and numerical results of a retrofitted

Key words: ventilation for virus protection, vertical laminar flow, nanoparticle separation, virus deactivation, ceramic honneycomb

wall flow filter, nanofiltration
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1. General

A SARS CoV-2 infected person may emit up to 10 mil-
lion viruses with each m® of exhaled air, and on the other
hand, the infection dose may be as low as 500-1000 virus-
es. Given these numbers, the infection risk in a room cannot
be sufficiently reduced by periodic window ventilation or
by partly cleaning with mobile air cleaners but requires
a continuous perfect virus elimination. Furthermore, lateral
flow from the infected persons to their direct or distant
neighbors must be avoided. This sounds utopic but can
indeed be solved by body heat-induced vertical laminar
flow and ventilation from floor to the ceiling, extracting the
contaminated air at the ceiling and recycling it via a filter
back to the floor. Filtration must be very close to 100%.
Since the «naket» Corona virus has a size of 60-150 nm,
which is the typical size of particles emitted by combustion
engines. The diesel particle filter DPF, a honeycomb type
ceramic wall-flow filter, was selected for this nanofiltration
task. These filters reach > 99% efficiency for soot particles
of 10-500 nm and have attractive properties since their
filtration surface is > 1 m? per liter bulk volume, they can
easily be cleaned in situ, if needed thermically disinfected
or catalytically coated, and have the life, the quality, low
bulk and low cost of an automotive product. To test the
bioaerosol filtration properties, bacteriophages MS2, which
are non-pathogenic to human, animals and plants and have
a viral particle size of 30-40 nm were used for the test as
a proxy for SARS-CoV-2 virus. The wall flow filters
reached a filtration rate of > 99% for these bacteriophages
and the survival test resulted in 1% active viruses after 24

hours, zero after 48 hours. To test the whole system,
a classroom was selected as a pilot case. The ventilation
was designed to exchange the room’s air volume five times
per hour. Contaminated air was extracted at the ceiling and
recycled to the floor corners after filtration. Fresh air from
outside supplied for CO,-control was also filtered to clean it
from ultrafine traffic related carcinogenic particles. The
dynamic cleaning process and room distribution was tested
with salt nanoparticles simulating the virus source by
a cloud concentration of 80,000 particles per cubic centime-
ter. The lateral flow reaching the neighbor desk of the in-
fected schoolboy contained only 2-300 P/cc, demonstrating
that the contaminated air escapes vertically, showing
a cross-contamination risk reduction of 2-3 orders of mag-
nitude. This virus protection system is universally applica-
ble, not only for applications in classrooms, but can also be
scaled and adapted to industry, hospitals and public
transport environments including aircraft cabins.

2. Introduction

Corona viruses, like combustion soot, are among the
smallest suspended particles [11, 17, 23]. When exhaled by
an infected host, they are usually surrounded by a liquid
envelope and reach 500-10,000 nm, but the aqueous enve-
lope evaporates rapidly [8], leaving particles with a thin
mucus envelope in the size range of 300-500 nm [9, 20].
Once released as an aerosol in indoor air, they remain sus-
pended for many hours. When they reach surfaces that do
not contain host cells, they remain firmly bound there by
van der Waals forces, like other fine particles, and lose their
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activity after a few hours [4]. Today, it is recognized that
only consistent suppression of aerosol transmission in
closed rooms, where long periods of residence prevail, can
reduce the risk of infection [25, 36]. Thus, ventilation is
required.

It is further essential to recognize that the air exhaled by
an infected person may contain up to 10 million viruses per
m? [10, 27]. In contrast, the infectious dose is only 500—
1000 viruses, and that infection can occur with a few
minutes’ exposure [18]. Thus, it makes little sense to aim
for dilution by a factor of 2-5 and be satisfied with filter
removal efficiencies of 60-80%, which is often considered
sufficient for ventilation. Still, much more efficient meth-
ods must be sought to ensure adequate protection.

Firstly, the separation efficiency must be high, especial-
ly in the diffusion range, i.e., below 1000 nm. Secondly, the
ventilation air flow pattern must under no circumstances
lead to lateral transport of the virus cloud, which otherwise
would favor cross-contamination and accelerate its spread
in the course of turbulent dilution of this cloud. Instead,
laminar displacement principles are required that reduce
cross-contamination by at least two orders of magnitude,
and filtration should reach values > 99.9% in the size range
<1000 nm.

Thus periodic window ventilation seems not very suita-
ble because it tolerates a high concentration towards the end
of this period, which can be sufficient for contagion and
contributes to the rapid expansion of contamination. Also,
the use of portable air cleaners by filtration or UV-light,
which clean only part of the air but otherwise mix the air in
the room by its turbulent flow pattern contribute strongly to
the distribution. [7, 21].

If filtration is used, the air supplied from outside should
also be filtered efficiently because urban air contains,
among others, cancerogenic ultrafine particles from traffic
(soot particles and metal oxide particles from exhaust gas,
brake abrasion, tire, and road abrasion) in the same size
range as the viruses [30, 35] and in much higher concentra-
tions, namely often > 20,000 particles per cubic centimeter,
i.e., about one million more than the maximum expected
virus concentration.

Both tasks can be solved in combination, which would
finally make a significant contribution to mitigating the
high mortality risk [12, 34] from traffic-related nanoparti-
cles and avoiding virus infections. In the following, a new
technical approach for a sustainable solution to these tasks
is presented, which has already been investigated in a class-
room as a pilot application by numerical flow simulation
and experimentally by salt particle tracing and has fulfilled
the requirements mentioned above during a full year of
flawless operation [26, 28].

3. Recent developments of ceramic multicell wall

flow filters

Over the past thirty years, a filter development has taken
place, which, surprisingly, has been completely limited to
the application in the exhaust gas of internal combustion
engines. From the beginning, the requirements were very
high because of the high temperatures in the exhaust tract,
the mechanical and thermomechanical demands, the neces-
sity to manage with a very small bulk volume under vehicle

floors at low backpressure, and after the introduction of the
particle number criterion by Switzerland with a request for
high separation efficiency according to VERT [33] of
> 98% for particle sizes from 10 nm. 2007 this has been
adopted with slight modifications (lower limit 23 nm) by
the EU, later by China, India, and many other countries.

Meanwhile, these filters are used in almost all new ve-
hicles, diesel, petrol, and gas. It is estimated that about 300
million vehicles are equipped with particle filters, i.e.,
a large series product manufactured at comparatively low
cost and subject to the stringent quality criteria of the auto-
motive industry. The author team has been involved in
developing this technology and the particle metrology re-
quired for it from the beginning [2, 5, 19].

In the course of development, the ceramic wall-flow fil-
ter design has emerged as the standard solution [13]. De-
rived from the multicellular structure of a catalyst substrate,
but with porous walls (pore size around 10 pm), flow
through the walls is forced by alternately plugging the cells
(Fig. 1). Since the sum of the wall areas is very large (up to
1.5 m? per liter of filter volume), the flow velocity is re-
duced from an inflow around 50 m/s to a flow of about
5 cm/s through the walls. Thanks to this low velocity, the
separation of nanoparticles by diffusion in the pore laby-
rinth is enabled (Fig. 2), and the pressure drop remains
within narrow limits set by the engine.

Fig. 1. Ceramic wall flow filter for Diesel application DPF and gasoline
application GPF

Starting in the 80's with a cell density of 100 cells per
square inch [cpsi], today we are at 300 cpsi and have
achieved unprecedented compactness of these filter cells,
which allows them to be installed even in small vehicles.

In Diesel engines this filter achieves these high collec-
tion efficiencies only after establishing an initial soot layer
on the porous filter walls (Fig. 3), which precedes the wall
pores with a finer pore structure. This effect of pore grada-
tion can also be achieved by ceramic membrane formation
or using hierarchic pore structuring techniques [3] so that
filter substrates are available today which reach the high
efficiency right from the start and are therefore also suitable
for the filtration of viruses, whose concentration in the air is
much lower than the concentration of soot particles in the
diesel exhaust gas and which would therefore only form
a filtering layer after far too long a time.
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Fig. 2. Diesel soot particle filtration by number > 99% acc. to VERT [33]

Fig. 3. Filtration efficiency increase by initial soot layer build up on
a Diesel engine [33]

Fig. 4. Filtration of soot generated by two CAST settings [15], measured
by SMPS und CNC [31]

These filters have numerous properties which make
them suitable for use in exhaust air purification, air condi-

tioning, and, in the present case, for the efficient purifica-
tion of air from bioaerosols, not only in building services
but also in the medical sector and in public transport: low
construction volume, light, catalytically coatable, safely
heatable for disinfection, easy to clean in situ, do not
change their properties due to vibration or wetting or aging
and can be easily integrated into a wide variety of geome-
tries and systems.

4. Filtration of infectious bioaerosols

According to the laws of aerosol physics, it may be as-
sumed that viruses behave similarly to soot particles in
a filter matrix, i.e. that their flow pattern is determined
primarily by mobility, i.e., by size. However, this has to be
verified. Therefore, a sensitive test method is needed that
provides information on the volumetric concentration of the
bioaerosols, and even more precisely, it must provide in-
formation on the number of active viruses in the sample
volume because the number of deactivated viruses or virus
fragments does not make sense for the evaluation of a virus
protection filter.

Working with pathogenic viruses, especially highly
transmissible ones, poses great health challenges. Due to
the high contagiousness (transmissibility) and virulence of
SARS viruses in general and SARS-CoV-2 in particular,
experiments would have to be carried out under the highest
biosafety measures (BSL-3), which makes an experimental
facility with aerosols practically impossible.

For these reasons, using bacteriophages as surrogate vi-
ruses is state of the art in environmental biology [1, 6, 14,
24, 29]. Bacteriophage MS2 is morphologically, structural-
ly, and genetically similar to human viruses such as SARS-
CoV-2, noroviruses, or rotaviruses enabling it to be used as
tractable and safe surrogates for human viruses. As a prac-
tical surrogate virus, the Escherichia coli bacteriophage
MS2 can be used together with biological safety laboratory
strains of Escherichia coli as target cells which are safe for
humans and the environment.

MS2 is one of the smallest viruses with a diameter about
2-4 times smaller than SARS-CoV-2. Like SARS-CoV-2,
MS2 is a positive-strand RNA bacteriophage. It specifically
infects Escherichia coli F+ bacteria and can therefore be
detected actively (alive) with very high sensitivity in the
form of "plaques", which are formed by the multiplication
of the viruses in the infected bacterium (up to 1 million
viruses in one bacterium) and thus enlarge it to the point
where it can be counted visually. In addition, bacteriophage
MS2 is highly persistent in aerosols, making it an ideal
virus for testing the efficiency of air and water filtration
systems; bacteriophage MS2 (ATCC 15597-B1) and its
corresponding Escherichia coli F+ safety strain C300
(ATCC 15597) are available from the American Type Cul-
ture Collection (ATCC).

The following figures show the wind tunnel-like test fa-
cility (Fig. 5, 6), sample collection through gelatine filters
(Fig. 7), and sample counting the plaques before and after
filters (Fig. 8). The equipment and the procedure are de-
scribed in detail in [28]. Example of result is given in Fig.
9, which illustrates a calculated filtration of > 99.99%.
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Fig. 5. Flow channel to dry and homogenize salt particles or CAST soot
for filter test

Fig. 6. Actual test installation at FHNW with aerosol sampling points for
particle counting

Fig. 7. Test installation at AMI Uni Fribourg for bacteriophage filtration
test under the hood

Fig. 8. Agar plates, from which the number of plaques are counted before
(left) and after filter (right). The solution was highly diluted to make it
countable. Each plaque stays for one original virus

1'000°000°000

W upstream downstream

100°000°000

10'000'000

1'000’000

virus count on filter

100000
10°000

1'000

Test1 Test2 Test3

Fig. 9. Typical counting results of « plaques » resulting numerically to
values > 99.99%

5. Deactivation of separated viruses in the filter
matrix

Filtering alone is not enough because even if the degree
of separation is very high, the viruses must be completely
deactivated in as short a time as possible, because otherwise
there remains an uncertainty as to when, in the course of
time, with higher loads or in conjunction with moisture,
discharge occurs, so that, as is known with bacteria, the
filters themselves could become a dangerous source of
pathogenic germs.

In principle, there are many possibilities for disinfection
of this type of filter. For example, the filters could be coat-
ed with silver or copper or other virucidal substances, or
they could be periodically heated to a temperature sufficient
for complete desinfection. When used against bacteria, this
would certainly be necessary and is basically also provided
for this filter design. With viruses, however, the problem
may be easier to solve, since viruses are not viable over
a long period of time without host cells, they lose their
activity or virulence. A detailed report on the loss of activi-
ty of SARS CoV-2 viruses deposited on dry solid surfaces
is available in [32]. A relatively consistent logarithmic law
is shown, although it depends on the materials. After 2—-3
days, virulence is hardly detectable. Whether this also ap-
plies to the filter materials investigated here had also of
course, to be systematically proven.

Paper [28] describes the test shown in Fig. 7: a certain
volume of air with a very high concentration of viruses was
passed from the test channel in parallel over several small
filter samples and analyzed after different times: immedi-
ately, after 24 hours, and after 48 hours. Of the 20 million
PFU (plaques forming units) that could be counted in the
fresh sample, an average of 1-2% were still active after
24 hours at room temperature, and practically none after 48
hours.

Therefore, it can be concluded that, in line with litera-
ture, the viruses deposited on the ceramic surfaces rapidly
lose their activity even without virucidal coating, i.e., that
no active viruses can be discharged. This test should be
carried out on all materials used for filtration, and a possi-
ble influence of moisture should also be checked.

6. Ventilation to avoid cross contamination
in a classroom
It cannot be known who in a group is already infected
and can spread the virus through his exhaled air wherever
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he goes. Is there a way to avoid infecting people within
a distance of 1 m?

Basically there is only one safe place: in the airspace
above the heads. This is where the viral cloud must be
transported to as soon as possible after exhalation. First and
foremost, only body heat can serve this purpose. Every
person constantly emits about 100 watts to the environment.
Thanks to this heat, a convective movement towards the
ceiling takes place in the undisturbed air, which is superim-
posed by the exhalation speed and slowed down somewhat
by the evaporation of moisture (Fig. 10 and 11).

Fig. 10. Infrared camera picture shows the body heat

Fig. 11. Porous textile tubes at the ceiling collect the particles

Fig. 12. Clean air returns to the classroom at the bottom

There is probably only this possibility to quickly re-
move the viruses from the infection space, and this move-
ment must not be disturbed by turbulence. It must be sup-
ported by a laminar displacement of the room air from the
bottom to the top.

At the ceiling, the air is extracted without leaving dead-
water zones before it would return down along cold walls
or windows, then perfectly cleaned in the nanofilter, en-
riched with fresh air, and returned well-distributed at floor
level via skirting boards (Fig. 12). Probably only this ap-
proach, derived from the principle of displacement ventila-
tion, can avoid contagion in closed rooms. Even with this
method, extreme cases such as coughing and sneezing can-
not be controlled, but these will be exceptions that can be
controlled by hygienic behavior.

It is clear that this method of transporting the contami-
nated air by displacement in conjunction with thermal up-
ward drift from the source to the ceiling, where it is collect-
ed and extracted, can only serve its purpose if the separa-
tion in the filter is very close to 100% because otherwise
a part of the viral load would be constantly returned to the
room and widely distributed there.

7. The classroom pilot application

The experimental installation shown here does not yet
have the character of a finished product but was set up as
a laboratory, so to speak, to check the effect of the
measures and to carry out an initial optimization. The two
figures below (Fig. 13 and Fig. 14) show the room and the
installation scheme. The recirculation system is designed
for fivefold air exchange per hour and contains a fresh air
supply with which the CO, level in the fully occupied class-
room can be controlled to a setpoint value of around 1200
ppm, i.e., one does not have to accept the large fluctuations
of window ventilation. Heat exchange of fresh air and ex-
haust air supplement the energy balance. The system is
deliberately designed to optimize a single room, is compact,
and manages with a very low ventilation power.

ca. 800m°/h

Throttle valve for Fresh air -
Fresh air control  blower

Fresh air

=i

Tfresh air

Main blower

ettt

CO2/T-Sensors

Filter

—> control
—> measurement

Control unit

Fig. 13. General arrangement for laminar vertical flow, high nanofiltration,
controlled supply of filtered fresh air

The air guidance in textile hoses with well-characterized
porosity allows optimum distribution with low turbulence
excitation. However, it will still have to be optimized for
commercial application, using similar design solutions to
those used for displacement ventilation. The principle of
avoiding the risk of lateral cross-contamination by captur-
ing emitted viruses overhead and efficiently removing them
by nanofiltration can be transferred to many other applica-

72

COMBUSTION ENGINES, 2023;194(3)



Minimizing indoor infection risks with automotive nanofiltration and with laminar vertical flow

tions, especially to applications in the hospital sector and in
modes of transport up to aircraft cabins, where the reverse
flow direction from top to bottom massively increases the
risk of infection today.

Fig. 14. Pilot classroom with hot plates to replace the students body heat

8. Computational flow simulation

Using the SIEMENS STAR-CCM+ software, the
schoolroom was digitally simulated to calculate the flow
conditions in the entire room in short time steps (Fig. 15).
The aim was to represent the three-dimensional flow pa-
rameters such as direction and speed in the whole room as
a function of the free design parameters such as air ex-
change rate, flow distribution during suction, backflow as
a function of the permeability design of the porous pipes,
body temperature, exhaling temperature, filtration efficien-
cy, wall temperature and radiator temperature in their tem-
poral development.

The particles are assumed to be solid particles without
post-evaporation using a Lagrangian approach similar to
fuel injection in a diesel engine. A two way coupling as an
interaction between the particles and the flow and vice
versa is used. The 10 students and the teacher realistically
exhale and inhale (8 times per minute) and emit 3045 parti-
cles per second, which perfectly follow the airflow due to
their small size of 100 nm. A particle loss by inhalation is
not assumed. Each particle path is tracked and thereby any
risk of infection can be detected by marking the particles.

Fig. 15. Digital modelling of the classroom with students and teacher; in
the arrangement shown here the flow comes from top to investigate the
worst case for virus protection

In the two following illustrations, Fig 16 and Fig 17, it
is assumed that the students exhale continuously, and the
streamlines starting at the student’s mouth and ending at the
porous tubes on the ceiling are computed.

Fig. 16. Ventilation flow from floor to ceiling. Particles are perfectly
guided from the infected student to the safe room overhead

This representation is possible for each individual stu-
dent and also collectively, but then becomes confusing. The
protective vertical movement is apparent in all cases, alt-
hough the current threads form sometimes some unforeseen
recirculation zones on the ceiling. These may be sugges-
tions for further optimization of the layout or permeability
distribution, which could help to further reduce the flow
losses.

Fig. 17. Same as Fig. 16 but a different student. The virus protection effect
is also apparent. Flow pattern is a bit more complex

Suppose we visualize all the particles in the room for
a certain time. In that case, we get the following two pic-
tures, where Fig. 18 shows the correct ventilation from
bottom to top, Fig. 19 the wrong arrangement with ventila-
tion from top to bottom, which counteracts thermal drift
and therefore keeps many more particles in the whole room,
although the same amount of air is exchanged and filtered
equally efficiently.

One is tempted to consider the total number of particles
as a measure of the quality of the process, but this leads to
wrong conclusions because the particles collected overhead
cannot contribute to the contagion and also cross-conta-
mination is a superimposed local phenomenon.

COMBUSTION ENGINES, 2023;194(3)

73



Minimizing indoor infection risks with automotive nanofiltration and with laminar vertical flow

Fig. 18. Flow from floor the ceiling, all students exhaling particles. The
lower part of the room stays clean, No cross contamination visible

Fig. 19. Ventilation from ceiling to floor against the thermal body heat
convection. Heavy cross contamination in the whole room results

It can be investigated by the numeric simulation, wheth-
er particles from student X — who may be infected — reach
student Y, as was also done in [16, 22] for the contagion
ratios in aircraft cabins. The calculation allows to run
through this question for all students and to show only the
"particle packets” that reach student Y, from each other
student and the teacher. In the related overall picture Fig.
18, this "cross-contamination™ phenomenon is hardly visi-
ble; the numbers in the considered control space are also
small in relation to the total number in the space. Finally,
Fig. 20 shows the total number of particles in the room
during 300 seconds, wherein black represents the ventila-
tion being switched off. In blue, the wrong direction of
ventilation from top to bottom is assumed. In red, with the
correct ventilation direction from the bottom to the top,
a flattening effect quickly appears at low concentration. At
the same time, the other two curves will continue to in-
crease over time. For these 300 seconds, the high-
performance computer already needs several days. The
modeling allows to perform optimizations relatively quick-
ly and agrees reasonably well with the experimental results
below.

Fig. 20. Total particle number comparing 3 situations: without ventilation
(black) ventilation from ceiling (blue) and from floor (red). Calculation for
longer time further illustrate the flattening effect

9. Experimental analysis

The most crucial target of the experimental verification
of the system functions was the scanning of the entire class-
room with respect to nanoparticles released at one point, in
order to quantitatively and repeatable verify the risk of
infection or the reduction of this risk depending on the
control parameters of the system. Since this is not possible
in a crowded classroom, the thermal function of the bodies
for vertical drift was replaced by adjustable heating plates
of appropriate power and temperature (Fig. 21). Instead of
a virus source, a nebulizer with a 3% NaCl-solution was
placed, which emitted a very regular stream of droplets for
15 minutes (Fig. 22). The water evaporates within fractions
of a second, leaving dry salt crystals. Thus, a salt particle
cloud of a concentration of about 80,000 particles per cubic
centimeter was generated at this location.

Fig. 21. Researcher installs the particle source at one desk, all other desks
have particle counters and heated plates to simulate the students

Fig. 22. Nebulizer is used to form a spray of salt solution droplets, drying
fast, forming a cloud of 30 nm particles, about 80°000 per cc

A particle counter was placed on each school desk to
measure the particle concentration in the room. The elec-
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tronic recording of the signals would provide a synchronous
instantaneous picture of the distribution throughout the
room in function of time. An optical counter from Sensirion
was chosen as the sensor, which, however, only detects
particles above 300 nm. The control with a diffusion charg-
ing device, which detects all particles above 10 nm, showed
that although the Sensirion measurement only counts 1/25
of all particles, this factor remains largely constant so that
the relations are detected accurately enough.

Figure 23 is the overall view and shows from these
measurements the build-up of particle concentrations as the
average value of all 10 sensors in the room over a period of
50 minutes after switching on the salt particle source. The
blue curve reflects the case when the ventilation is switched
off. The particle concentration in the whole room increases
more or less linearly and would continue to increase, so
after 2 hours, a concentration of about 4000 P/cc would be
reached. In the case of the lower 3 curves, the system is in
operation. A plateau is formed after a few minutes, which
hardly changes even with a substantial increase in the total
number of particles fed in (blue). In the case of green, the
fan is running at target speed, in the case of red only at
60%, and in the case of the black curve, the heat sources
have been switched on. After a running time of one hour,
the entire room has only 10% of the particle concentration
that would occur without the system; after two hours, it
would be only about 5%, and so on.
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Fig. 23. Development of particle concentration after nebulizer start. Aver-

age of all desk counters. Without ventilation (blue), with 60% ventila-

tion (red) with 100% ventilation (green); with body heat in addition
(black)

Figure 24 is the single view of the lateral spreading,
leading to an infection. Brown is the concentration at the
source, repeatedly interrupted by refilling the nebulizer; the
other colors show all other sensor locations in the whole
room, including the two neighboring tables of the "infect-
ed", which are less than one meter away from the source.
At first, the extraordinarily uniform distribution in the room
is surprising, reaching a level of 2-300 P/cc after only 10
minutes, which hardly seems to change any further. In this
case, the fan was running at nominal speed, and the heating
plates were switched on, i.e., the case of the lowest curve of
Fig. 23. The level of this set of curves is more than two

orders of magnitude below the level of the source. The risk
of infection is thus reduced by a factor of > 100 even
among the immediate neighbors of a potentially infected
person.

Fig. 24. Cross contamination defined by particle concentration of the

source (80,000) compared to number at the desks (2-300), even at the

neighbor desks. Distribution over the 10 desks is very uniform. Refill
nebulizer four times

10. Conclusions

The use of vertical drift by body heat, combined with
laminar ventilation from the floor to the ceiling, extraction
of contaminated air from the ceiling, and nanofiltration of
contaminated air, makes it possible to sustainably reduce
the risk of infection by infectious agents such as corona
viruses in closed rooms to a minimum of a few percent.
This statement is valid even in case of high occupancy of
the rooms, presence of several infected persons, and for
a long time. At the same time, the fresh supply air is com-
pletely purified from carcinogenic ultrafine dust from traf-
fic, and a CO,-level is kept at the desired set point of 1000—
1200 ppm. This method of leading the contaminated breath-
ing air immediately after exhalation into the safe space
"overhead" and removing it from there is not only applica-
ble in buildings but in many other cases. In this way, the
risk of virus spread among passengers of commercial air-
planes could be virtually eliminated, where today individual
ventilation from top to bottom explicitly contributes to
a distribution of the viral load.
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This article presents an analysis of the influence of oil service life on the performance parameters of an air-
craft piston engine lubrication system used in an ultralight aircraft. The ageing of oil between oil changes
causes a change in its parameters (such as density, viscosity...). These parameters have a strong influence on the
level of protection of the lubricated components. Currently, in aircraft, oil changes are carried out according to
a time schedule — oil is changed every fixed period (residual life) regardless of its actual condition. The task of
this article is to test the possibility of an indirect assessment of oil condition based on analysis of changes in
selected parameters of engine lubrication system operation during normal operation. The oil warm-up speed
during the pre-start procedure and the dependence of oil pressure on engine speed were assumed for the
analysis. The study was conducted on an ultralight rotorcraft during normal operation. Selected first daily
flights directly after oil change, and after 17, 32, 50 and 66 hours of operation were analysed. It was shown that
the warm-up rate changes in the samples analyzed, but that this change may also be due to factors other than oil
operating time. In the case of the oil pressure vs. speed characteristics, different characteristics were shown for
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different operating time, but no specific dependencies were found.
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1. Introduction

From the first years of the XXI century, the market of
ultralight aircraft mainly gyroplanes, is growing rapidly. On
the base of the registry conducted by the Polish Aviation
Authority, the number of registered gyroplanes raised from
0in 2008 [17] up to 105 pcs. in 2022 [15].

These aircraft cover mostly the needs of hobbyists but,
since 2013 (the year of the law change in Poland [1]) more
and more jobs can be done using this type of aircraft. It is
widely used as a platform for power lines or gas pipes
scanning. In geodesy [4], it is used to prepare maps and
photographs of longitudinal objects. In the agro industry it
is used for both biological and chemical crops and forests
protection. It is used in the field of surveillance and profes-
sional photography. For the last few years, it can be also seen
in agro works, in monitoring the state of agrocenosis [5].

According to that, the market for maintenance has
grown as well. It can be seen that not all of the owners and
operators are careful enough with their aircraft. As safety is
the biggest value in aviation, all — the manufacturers, opera-
tors, mechanics, owners and pilots are looking for the way
how to make it safer. That is why the last decade was the
decade of “electronic transformation” in the ultralight air-
craft market. Most of the manufacturers moved away from
analog avionics in favor of electronic ones. It opened new
possibilities for system development. We can now see all
kinds of different devices that could be connected to
onboard avionics. It is to help the pilot or to modify the
aircraft to suit the owner needs. One of these, which can
improve safety the most, is a Flight Data Recorder that
collects all the data during the flight. It collects air data
(e.g. Airspeed) and engine data (e.g. rpm, fuel consump-
tion).

As in modern aircraft Flight Data Recorders are fitted as
standard a lot of analysis can be done after or even during

every flight. What is common in airlines using QAR [10,
22] (quick access recorder) can be now done in every small
aircraft.

It is known from the automotive market [6, 9, 14] that
the analysis of the oil degradation based on the record of
the engine parameters can be done. Such a system of Re-
maining Useful Life of engine oil prediction is being
onboard of many modern vehicles. The authors of this arti-
cle think that it is the right time to introduce such a system
in ultralight aircraft.

Till now, all of the oil changes were conducted accord-
ing to total flight/operation time in ultralight aircraft. Most
commonly every 100 hours [2, 18]. Such a condition is not
optimal in two ways. For the user, it would be best to re-
place the oil just before the moment that it lubricates the
engine not enough, not to lower the expected life time of
the engine [8, 21]. It is expected that this point is sometimes
earlier than 100 hours — if the pilot uses the aircraft exten-
sively or later if the aircraft is being used gently, e.g. only
on long flights with good weather.

The topic of the operation of objects based on condition
analysis is widely described in the scientific literature [7,
11, 19, 20, 23]. It has been shown that in the case of inter-
nal combustion engines, it is possible to diagnose their
condition on the basis of selected parameters of operation,
and one of the most important factors determining the oper-
ating condition of the engine is the condition of the lubri-
cating oil. These studies have shown a significant link be-
tween operating conditions and oil consumption rate. This
allows prediction of oil condition degradation in on-board
diagnostic systems and, based on this, suggests to the user
the moment of oil change. This research work was carried
out mainly for engines that powered vehicles or stationary
engines. Operating conditions for aircraft engines are sig-
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nificantly different, which can significantly affect these
correlations.

This article is the first step in developing a method for
diagnosing oil condition based on aircraft operating condi-
tions. It will allow assessment of oil condition and predic-
tion its degradation. Authors think that it would be best for
the owner of the aircraft and for the environment to replace
oil just in the time when it is needed [3, 16].

2. Materials and methods

2.1. Research object

The research object is a Tercel Carbon gyroplane Fig. 1
manufactured by a Polish manufacturer Aviation Artur
Trendak. It is an ultralight aircraft made for leisure, profes-
sional and training flights. It is a developed version of the
Tercel gyrocopter, produced continuously since 2012. The
biggest changes compared to the previous model are the
change of the supplier of the engine block and the change to
a full carbon fiber composite body instead of glass fiber
composite.

Fig. 1. Tercel Carbon at flight [12]
Its empty weight is 332 kg, and the MTOW has not
changed and is 560 kg. The rest of its performance and
technical data is shown in Table 1.

Table 1. Tercel Carbon performance and technical data [2]

2.2. Scope of research

The scope of the research was to analyze the oil temper-
ature and oil pressure records and check if there is any
dependence on the total flight time of the gyroplane after
the oil change. It was assumed that changes in temperature
rise time or differences in the relation between oil tempera-
ture and engine rpm could be noticed. The data was collect-
ed by the Flight Data Recorder developed by a Polish man-
ufacturer Auto & Aero Technologies Sp. z 0.0. It collects
30 different parameters every tenth of a second. The pa-
rameters most important for this research are shown in Fig.
2.

Fig. 2. Parameters collected by Flight Data Recorder

2.3. Methodology

The results were obtained by analyzing data collected
from gyroplane’s FDR. Data from the time between oil
changes was chosen — from 400 to 500 hoobs time (a meas-
ure of the total aircraft operation time). The last oil change

: Geometric data was done after 400 hours. As a representation for further
Rotor diameter 8.6 m - .
Rotor surface 58.06 e comparison 5 flights were chosen Table 2.
Rotor blade chord 0.20 m
Overall length (without rotor) 5.04 m Table 2. Flights chosen for analysis
Eusell(ag? Wr:dtrl‘ ;;’g m Hoobs time at record start Duration of operation/flight
rack of wneels . m P P
Cockpit width 136 m L 405 h 3 min 23min25 s
Overall width 235 m 2. 422 h 13 min 19min16 s
Overall height 2.87 m 3. 438 h 34 min 19min5s
Wheel diameter 0.35 m 4. 455 h 56 min 15min 28 s
Weight data 5, 471 h 25 min 10min22s
MTOW 560 kg
Eoma‘;‘ﬁaﬁﬁ?; §§§ Eg _ To determine the changes in the oil parameters, a statis-
Data of the power unit tical analysis was performed. The analysis was divided into
Engine type AAT 912 RSTi two parts. The first part was to research in the field of oil
FEengine povtv_er (at 5800 rpm) 140 1I2 = HP temperature rise time. The second part was to research the
eaucer ratio L. H H H H
Propeller ASPAR AERG 2B LT dependencies between engine rpm and oil pressure. Figure
Propeller diameter 172 m 3 shows the course of these parameters.
Capacity of fuel tanks 80 |
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Fig. 3. Course of the parameters from flights at 405.1 hoobs time

3. Analysis of results

3.1. Analysis of oil temperature rise time

The first results were obtained in the scope of oil tem-
perature time rise. Figure 4 shows the oil temperature
change during each flight. It can be seen that the starting
point depends on the initial temperature — in this case, it is
the outside temperature (this was confirmed using another
independent sensor — the intake temperature). The slope of
the temperature rise up to 60°C can be recognized as simi-
lar in every case. Then there is a significant rise in tempera-
ture due to the maximum engine rpm achieved at takeoff.
Then the temperature decreases and stays at the same aver-
age level for the whole flight.

Fig. 4. Oil temperature recorded during every of 5 chosen flights

In the chosen 5 flights oil temperature rise time was
measured. Starting from 25°C up to 50°C (minimal temper-
ature needed for operation [2]) — Fig. 5. It can be seen that
there are no significant differences between lines in the
graph. Every line in the graph starts at 25°C. No character-
istic changes with rising hoobs time could be observed. The
average temp rise is between 0.112°C/s up to 0.152°C/s.

Fig. 5. Oil temperature recorded during every of 5 chosen flights. Rise of
oil temperature from 25°C to 50°C

Then the rise time at each flight was shown in the graph
Fig. 6. It appears that no significant dependencies could be
observed in this field.
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Fig. 6. Oil temperature rise time from 25°C to 50°C

3.2. Analysis of oil pressure record

Many analysis of oil pressure has been performed Fig.
7-9. No dependencies were found when comparing the full
record of oil pressure during every flight. Comparing the oil
pressures in the state of the rising engine rpm gave no re-
sults. This is due to the fact that the distribution of this
correlation is heavily affected by the difference in flight
parameters (the way the pilot performs the flight). The type
and speed of maneuvers significantly affect the dynamics of
changes in speed and oil pressure. Thus, it is impossible to
draw conclusions from these distributions.

Fig. 7. Oil pressure as a function of engine speed (at 405.1 h)

Therefore, only selected operating points corresponding
to steady-state flight and engine operation were analyzed.
Figure 10 shows the analysis of the oil pressure in a steady
state at about 4300 rpm engine set. With slight variations in
engine rpm (+1%) chosen from every flight in the way that
it was during a steady flight, not during takeoff, landing, or
hard maneuvering. The achieved oil pressures are shown in

figure 10. Each record in the graph shows the achieved
pressure for a steady engine rpm. Steady states chosen from
each flight vary between each other by no more than 10%.
There is no upward or downward trend in relation to in-
creasing hoobs time. For 405.1 h hoobs time, the achieved
pressure was 3.21 bar at 4419 rpm, then there was 3.52 bar
at 4301 rpm and then there was a drop to 3.46 bar at 4195
rpm. After that, there is a drop at 455.9 hoobs time for 3.01
at 4144 rpm, and rise again to 3.19 bar at 4528 rpm after
471.4 h hoobs time. Due to that, no relations could be found
in this case.

Fig. 8. Oil pressure as a function of engine speed. At 438.6 h

Fig. 9. Oil pressure as a function of engine speed. At 471.4 h

Then another approach was taken. Maximum oil pres-
sure during takeoff at maximum reached rpm was analyzed
in Fig. 11. In this case, some dependence could be noticed.
Achieved maximum oil pressure during every takeoff raised
up to about 5.5 bar. However, in order to recognize this
relationship as appropriate, the same analysis should be
performed for another aircraft in a similar range of total
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flight time. The maximum oil pressure during takeoff is
a single point in a record, and it should not be taken as
a proof for further inference.

Fig. 10. Oil pressure in a steady state at about 4300 engine rpm set

4. Conclusions
No significant dependencies in the field of this research

were found.

1. It is assumed that in the analysis of the oil temperature
time rise, outside temperature has a significant impact.
Comparing the time rise without taking it in considera-
tion can not give results that could lead to conclusions
in the field of oil degeneration.

2. The research in the field of oil pressure shown that the
dependence between engine rpm and oil pressure is not
changing in any particular way with rising hoobs time.

This factor can not be then taken to give any conclu-
sions about oil degeneration as well.

3. Inthe future, it is planned to conduct research which will
take into consideration not only the recorded data but also
data obtained during laboratory oil examination [13].

4. The changes in the maximum oil pressure achieved
during takeoff have to be checked using records from
other aircraft with similar hoobs time.

5.7
5.6
5.5
5.4
5.3
5.2
5.1

4.9
4.8

Maximum reached oil pressure [bar]

4.7
400 420 440 460 480

Hobbs time [h]
Fig. 11. Maximum oil pressure reached in every chosen flight
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Nomenclature

CHT  cylinder heat temperature MAT  manifold air temperature
EGT  exhaust gas temperature MTOW maximum takeoff weight
FDR  flight data recorder OAT  outside air temperature
MAP  manifold air pressure QAR  quick access recorder
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The article discusses issues related to the assessment of pollutant emissions from a railbus during transport

work. The test object was a rail vehicle equipped with two diesel engines with a total power of 780 kW, Stage
1IIB homologated. Measurements were carried out on the route Poznan—Waggrowiec in two directions. During
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the tests, the vehicle performed a transport service, where the number of passengers was counted. For the
completed cycles, the average number of people was 82 and 18. Based on the obtained data, the vehicle
operating conditions and emission indicators were analyzed, which were related to the number of passengers.
A dimensionless toxicity index was also determined.
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1. Introduction

In Poland, 342.23 million passengers traveled by rail
vehicles in 2022, and the transport performance amounted
to 15,882.97 million pkm [22]. Taking into account the data
presented by the UTK (Office of Rail Transport), a system-
atic increase in the above-mentioned values has been visi-
ble since 2012. Following the policy of the European Un-
ion, actions are being implemented aimed at introducing
ecological drives in means of transport. One of such solu-
tions is hybridization or electrification [2, 11, 12], provided
that energy is obtained from ecological sources. In recent
years, the rolling stock used for passenger transport has
seen an increase in the share and development of electric
multiple units [4]. There is still a long way to go before
complete electrification.

Due to the significant use of passenger vehicles (includ-
ing railbuses) equipped with internal combustion engines, it
becomes necessary to conduct research and considerations
regarding their exact impact on the natural environment.
This can significantly affect strategic activities related to
the development and modernization of infrastructure, as
well as the organization of business activities. At the same
time, the assessment of emissions from moving vehicles
contributes to a deeper understanding of the problem of
knowing the local values of air pollution.

For engine rail vehicles, approval tests in the ecological
scope are still valid, only on the engine dynamometer.
Stand measurements are to simulate the conditions of real
engine operation to some extent, but they are far from the
actual parameters of their use. This has been proven in
many scientific works for various types of vehicles [1, 17].
As presented in publications [5, 8], to obtain reliable eco-
logical indicators for specific machines and vehicles, it is
necessary to perform tests in real operating conditions.
Preferably while performing normal machine tasks.

The development of technology and test equipment used
for the approval and testing of various types of vehicles
(including off-road vehicles) made it possible to test vehicle
emissions in real operating conditions. This mainly applies

to PC (Passenger Car) and HDV (Heavy Duty Vehicles). In
recent years, activities have also been carried out for other
types of vehicles, primarily belonging to the NRMM (Non
Road Mobile Machinery) group [3, 6, 9, 19]. This is possi-
ble, among others, by reducing the size of the measuring
equipment and reducing its energy consumption [7, 13, 16,
18]. Such devices belong to the PEMS group (Portable
Emission Measurement System).

The aim of the work was to determine and compare the
operating parameters of the research facility in two tests
and to determine ecological indicators in relation to CO,
and the average number of traveling passengers. The article
presents real research that can complement theoretical con-
siderations and modeling of pollutant emissions [10, 15].

2. Research methodology

The assessment of ecological parameters was carried
out on a standard-gauge railbus used for passenger transport
in Wielkopolska (Fig. 1). Its construction allows for the
simultaneous transport of 246 people. The length of the
vehicle is 43.73 m, and the total weight of the object ready
to drive is 89,000 kg.

Fig. 1. The research object before the start of measurements at the Poznan
Glowny station

The research object uses two twin compression ignition
engines (Table 1). Each of them is turbocharged, has
a displacement of 12.8 dm® and develops a power of 390
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kW at 1800 rpm and a maximum torque of 2200 Nm at
1300 rpm. The engines were homologated according to the
Stage I1IB standard, so they were controlled by the NRSC
(Non Road Stationary Cycle) and NRTC (Non Road Tran-
sient Cycle) tests.

Table 1. Technical data of the powertrain used in the research object

Parameter Value
Powertrain 2 x Cl engines
Layout/number of cylinders R 6
Displacement volume [dm?] 12.8
Nmax [KW] at engine speed [rpm] 390 at 1800
Tmax [Nm] at engine speed [rpm] 2200 at 1300
Exhaust emission standard Stage 111B

In the research work, mobile equipment was used to
measure the concentration of harmful compounds from the
PEMS group: Axion R/S+. NDIR (Nondispersive Infrared)
sensors are used to measure HC, CO and CO,, E-chem
sensors are used to measure NO and O,, while PM concen-
tration is determined using the Laser Scatter method [20].
The device is characterized by significant miniaturization
concerning devices from the PEMS group offered by other
manufacturers. It is used e.g. by EPA (Environmental Pro-
tection Agency) in the certification process. Information on
engine operating parameters and flows in the exhaust sys-
tem was recorded from the on-board diagnostic system
using the Texa Navigator device. The measurement and
data acquisition was performed with a frequency of 1 Hz.
Based on the recorded data, corrections of the obtained
results are made and the road/unit emission of the pollutants
tested is calculated.

The tests of the object were carried out on the same
route during trips in two directions: Poznan—Wagrowiec
(cycle A) and Wagrowiec—Poznan (cycle B, Fig. 2). The
total length of individual runs was 56.7 km. The relative
height profile varied from 61 to 100 m above sea level, the
average slope was 0.7% towards Wagrowiec. In each pas-
sage, the rail vehicle served 18 railway stations.

Fig. 2. Research route [21]

The measurements were carried out in real operation,
during normal transport service. During the measurements,

the number of travelers was acquired based on inspected
tickets. In this way, the number of passengers for the Poz-
nan—Wagrowiec route was defined, which was 82. In the
second cycle, the value was 18 passengers.

3. Vehicle operating conditions during testing
The tested rail vehicle carried out transport work in real
operating conditions. The conditions of its operation are
shown in Fig. 3. In both measurement cycles, the object
achieved temporary maximum speeds of up to 120 km/h
(this is the maximum speed according to the manufacturer).
The average speeds were similar and amounted to 43.9
km/h for cycle A and 40.5 km/h for cycle B. Due to the
scheduled traffic on the tracks, there was a stoppage of
several minutes in each cycle (other rail vehicles were al-
lowed to pass).
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Fig. 3. Velocity characteristics of the research object in cycles A and B

The shares of the working time of the research object in
the ranges of speed and acceleration only in cycle A are
presented (Fig. 4). This was due to the similar nature of the
journeys on the same route in two directions. The largest
share of working time, 26.6%, was obtained for standstill.
For driving at constant speed (a = 0 m/s?) 19.4% was
achieved. The highest shares of accelerations were obtained
for the ranges (0 m/s% 0.8 m/s®) — 28.7% and (-0.8 m/s*;
0 m/s?) — 17.8%. In the other acceleration ranges, the share
for single speed ranges was less than 1%.
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Fig. 4. Shares of research object work time in the speed and acceleration
ranges during tests in cycle A

The shares of working time in the speed and accelera-
tion ranges recorded during the tests in cycles A and B were
compared (Fig. 5).
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This was a supplement to the analyzes of vehicle opera-
tion conditions. The characteristics show the differences
between route A (minuend) and route B (subtrahend). The
size of the circles refers to the obtained difference, for posi-
tive values they are full, while for negative results they
have not been filled in. This allowed to indicate how the
characteristics obtained in subsequent cycles differ.

The greatest differences occurred during standstill
4.69% and driving at constant speed, e.g. in the range
(20 km/h; 40 km/h), where 4.04% was obtained. For the
considered accelerations and decelerations (a # 0 m/s?) in
the individual speed ranges, the differences were less than
1% (excluding one point for V € (80 km/h; 100 km/h)). The
obtained results prove that the trips were similar, especially
in terms of driving style. Therefore, the parameter of
a different mode of operation in individual cycles is exclud-
ed.
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Fig. 5. The difference in the share of the research object's working time
during measurements in the speed and acceleration ranges

4. Analysis of test results

Based on recorded data on the vehicle operating condi-
tions and the concentrations of chemical compounds in the
exhaust system, the emission intensity of individual harm-
ful compounds was determined. On this basis, it was possi-
ble to integrate CO, emissions during the implementation
of cycles A and B (Fig. 6).

60
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Fig. 6. Total CO, emissions during tests in cycles A (Poznan—Wagrowiec)
and B (Wagrowiec—Poznan)

The presented characteristics about the speed of the ve-
hicle indicate that the greatest increase of the considered

harmful compound occurs during acceleration. Due to the
implementation of the same driving style by the driver and
driving on the same route, very similar results of the total
CO, emissions were obtained. It was 53.5 kg for the
A cycle and 56.8 kg for the B cycle. The cumulative emis-
sions from two internal combustion engines downstream of
the after-treatment systems were taken into account.

Taking into account all the analyzed harmful compo-
nents, the road emission in cycles A and B was determined
(Fig. 7). The obtained results indicate that similar values
were achieved during the measurements, the largest differ-
ences occurred for CO — respectively 6.46 g/km (cycle A)
and 5.22 g/km (cycle B). For CO, and NO,, the determined
values differ by less than 1%. Specific emissions are used
to assess rail vehicles, but for the purposes of the article
reference was made to the cited indicators. It also did not
affect the determination of toxicity indicators presented in
the further part of the paper.

7
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Fig. 7. Summary of road emissions during tests in cycles A (Poznan—
Wagrowiec) and B (Wagrowiec—Poznan)

Based on the collected data, fuel consumption was de-
termined using the carbon balance method. Road emission
of CO, has the greatest impact on the results of calcula-
tions, because it has the largest mass in harmful gases.
Therefore, fuel consumption reached similar values:
35.49dm*100 km was obtained in cycle A and
35.57 dm*/100 km in cycle B.

Comparing road emission or unit emission indicators for
different groups of vehicles can be difficult. This is related
to the nature of the work of the facility and its intended use.
This is especially true for the NRMM vehicle group. The
basic combustion product in engines is CO,. Its weight is
directly related to fuel consumption, but also to the quality
of the combustion process and the operation of engine ex-
haust gas treatment systems.

Toxic compounds such as CO, HC, NO, or PM are
products of incomplete or imperfect combustion and com-
bustion at high temperature and pressure. It is therefore
possible to compare CO, emission to other emitted toxic
compounds and on this basis to determine the toxicity indi-
cator M;. Index j means the toxic compound to which it
relates [14]. The structure of the M indicator allows for
dimensionless expression of values, described e.g. in [14].
Its structure is as follows:

Mj =bh- €real j (1)

€Cco,
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The universal constant b makes it possible to reduce the
results to a range of quantities greater than hundredths or
thousandths (CO, HC, NO, = 10°, PM = 10°). Whereas the
€real ) ANd eco, COMponents mean the specific emission, road
emission or mass of the compound j determined during the
tests [g/kwWh; g/km; g]. The numerator and denominator
units must always be the same. According to the recom-
mendations of the European Commission, such an indicator
should be introduced into the emission assessment of vehi-
cles and work should be conducted on its recognition.
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Fig. 8. Summary of dimensionless toxicity indicators during tests in cycles
A (Poznan—Wagrowiec) and B (Wagrowiec—Poznan)

0.4
Poznan - Wagrowiec Wagrowiec - Poznan
€
0.29

X< 03
=2
5 s 0.23
oo
g O; 0.2
(DNZ

9]
© I

o 0.1 0.08

O 0.05 0.04 0.05

0 0.01 0.01 0.001 0.004
CO, CO HC NO«x PM

Fig. 9. Summary of road emissions per passenger during tests in cycles A
(Poznan—Wagrowiec) and B (Wagrowiec—Poznan)

Values ranging from 0.81 to 7.48 were obtained for the
defined dimensionless toxicity indicators (Fig. 8). The
highest indices were obtained for CO and PM. This means
that greater efforts must be made to reduce emissions of
this compound, e.g. by improving fuel atomization during
injection, changing the fuel injection strategy, or improving
off-engine exhaust aftertreatment systems. Based on the
data collected in work [14], it can be concluded that the
obtained indicators are the closest to those of a small pas-
senger car equipped with a petrol engine (CO and HC).
However, in the NOy range, the greatest similarity was
obtained to an off-road vehicle with a Cl engine.

The last stage of the evaluation of pollutant emission re-
sults is to compare them per 1 passenger (Fig. 9). The most
favorable values were obtained for cycle A, where a larger
number of passengers traveled.

Based on such a shape of the results, it can be concluded
that the mass of the traveling passengers has little impact on
the emission of toxic compounds during transport work.
Assuming that each passenger weighs 70 kg (there were
also children on board), the difference in subsequent cycles
was about 4500 kg. This accounted for 5% of the total
weight of the facility ready for service.

5. Summary

The assessment of the real emission of pollutants from
vehicles is very important for the implementation of reme-
dial actions in the field of environmental degradation. In
rail vehicles used for passenger transport, more and more
new solutions in drive systems are used — engines with
newer emission standards, electrification, as well as the
introduction of hydrogen structures. However, a significant
group of about 25% is still combustion engines traction
units.

The article presents the results of pollutant emission
tests from a rail vehicle in real operating conditions. Tests
carried out on the same route in two directions, show very
similar results. However, during the implementation of
individual cycles, a different number of passengers trav-
eled. Calculated per person, it was proven that the emis-
sions are much lower in the A cycle. This was mainly due
to the low weight of these passengers in relation to the total
weight of the vehicle.

The obtained values of toxicity indicators M prove the
validity of its use to assess vehicles with internal combus-
tion engines. It makes it possible to compare various groups
of vehicles, regardless of the type of emissions taken into
account for the calculations. In the next stage of scientific
work, it is expected that rail vehicles of other emission
standards will be subjected to the emission assessment,
rather than greater diversification of the load using the
principles of ecodriving.
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Nomenclature

a acceleration
Cl compression ignition
EPA  Environmental Protection Agency

HDV  heavy duty vehicles
M toxicity indicator
NDIR nondispersive infrared

NRMM Non Road Mobile Machinery

NRSC Non Road Stationary Cycle

NRTC Non Road Transient Cycle

PC passenger cars

PEMS Portable Emission Measurement System
\% velocity

COMBUSTION ENGINES, 2023;194(3)

87



Evaluation of pollutant emissions from a railbus in real operating conditions during transport work

Bibliography

(1]

(2]

(3]

[4]

[5]

[6]

[7]

(8]

9]

[10]

Bodisco T, Zare A. Practicalities and driving dynamics of
a real driving emissions (RDE) Euro 6 regulation homologa-
tion test. Energies. 2019;12(12):2306.
https://doi.org/10.3390/en12122306

Cieslik W, Szwajca F, Zawartowski J, Pietrzak K, Rosolski
S, Szkarlat K et al. Capabilities of nearly zero energy build-
ing (NZEB) electricity generation to charge electric vehicle
(EV) operating in real driving conditions (RDC). Energies.
2021;14(22):7591. https://doi.org/10.3390/en14227591
Daszkiewicz P, Andrzejewski M, Urbanski P, Woch A,
Stefanska N. Analysis of the exhaust emissions of toxic
compounds from a special purpose rail machine PLT-500
during profiling the ballast cess. Journal of Ecological Engi-
neering. 2021;22(7):80-88.
https://doi.org/10.12911/22998993/139214

Far M, Gallas D, Urbanski P, Woch A, Miezowiec K. Mod-
ern combustion-electric PowerPack drive system design so-
lutions for a hybrid two-unit rail vehicle. Combustion En-
gines. 2022;190(3):80-87.
https://doi.org/10.19206/CE-144724

Fu M, Ge Y, Tan J, Zeng T, Liang B. Characteristics of
typical non-road machinery emissions in China by using
portable emission measurement system. Sci Total Environ.
2012;437:255-61.
https://doi.org/10.1016/j.scitotenv.2012.07.095

Kaminska M, Kotodziejek D, Szymlet N, Fu¢ P, Grzeszczyk
R. Measurement of rail vehicles exhaust emissions. Com-
bustion Engines. 2022;61(2).
https://doi.org/10.19206/CE-142526

Kim MK, Park D, Kim M, Heo J, Park S, Chong H. A study
on characteristic emission factors of exhaust gas from diesel
locomotives. Int J Environ Res Pub He. 2020;17(11):3788.
https://doi.org/10.3390/ijerph17113788

Merkisz J, Fuc P. The exhaust emission from light duty
vehicles in road test in urban traffic. SAE Int J Fuels Lubr.
2010;3(2):467-475. https://doi.org/10.4271/2010-01-1558
Merkisz J, Lijewski P, Fuc P, Siedlecki M, Weymann S. The
use of the PEMS equipment for the assessment of farm
fieldwork energy consumption. Appl Eng Agric. 2015;31(6):
875-879. https://doi.org/10.13031/aea.31.11225

Murakami K, Haga |, Nakamura H, Maehashi S, Yamashita
O. Development of a system to calculate energy consumed
by diesel railcars. Quarterly Report of RTRI. 2009;50(2):76-
80. https://doi.org/10.2219/rtriqr.50.76

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

Pielecha I, Pielecha J. Simulation analysis of electric vehi-
cles energy consumption in driving tests. Eksploat
Niezawodn. 2020;22(1):130-137.
https://doi.org/10.17531/ein.2020.1.15

Pielecha I. Control algorithms for a Range Extender vehicle
with an combustion engine. Combustion Engines. 2020;
183(4):3-10. https://doi.org/10.19206/CE-2020-401
Rymaniak £, Kaminska M, Szymlet N, Grzeszczyk R.
Analysis of harmful exhaust gas concentrations in cloud be-
hind a vehicle with a spark ignition engine. Energies. 2021;
14(6):1769. https://doi.org/10.3390/en14061769

Rymaniak L, Zigtara B, Szymlet N, Kotodziejek D. Use of
toxicity indexes in reference to carbon dioxide for a vehicle
equipped with a two-stroke engine without an exhaust after-
treatment system. Journal of Ecological Engineering. 2023;
24(4):228-236. https://doi.org/10.12911/22998993/159721
Shang B, Zhang X. Study of emission reduction: Benefits of
urban rail transit. Procedia-Social and Behavioral Sciences.
2013;96:557-564.
https://doi.org/10.1016/j.sbspro.2013.08.065

Szymlet N, Lijewski P, Kurc B. Road tests of a two-wheeled
vehicle with the use of various urban road infrastructure so-
lutions. Journal of Ecological Engineering. 2020;21(7):152-
159. https://doi.org/10.12911/22998993/125503

Szymlet N, Lijewski P, Sokolnicka B, Siedlecki M, Do-
mowicz A. Analysis of research method, results and regula-
tions regarding the exhaust emissions from two-wheeled ve-
hicles under actual operating conditions. Journal of Ecologi-
cal Engineering. 2020;21(1):128-139.
https://doi.org/10.12911/22998993/113077

Vojtisek-Lom M, Jirkidl J, Pechout M. Real-world exhaust
emissions of diesel locomotives and motorized railcars dur-
ing scheduled passenger train runs on Czech railroads. At-
mosphere. 2020;11(6):582.
https://doi.org/10.3390/atm0s11060582

Warguta L, Kukla M, Lijewski P, Dobrzynski M, Markie-
wicz F. Impact of compressed natural gas (CNG) fuel sys-
tems in small engine wood chippers on exhaust emissions
and fuel consumption. Energies. 2020;13(24):6709.
https://doi.org/10.3390/en13246709
https://www.globalmrv.com/axion-rs-2/ (accessed on
03.2023).

https://www.gpsvisualizer.com (accessed on 03.2023).
https://dane.utk.gov.pl/sts/ (accessed on 03.2023).

Prof. Lukasz Rymaniak, DSc., DEng. — Faculty of
Civil and Transport Engineering, Poznan University
of Technology, Poland.

e-mail: lukasz.rymaniak@put.poznan.pl

Krystian Wozniak, MEng. — Doctoral School of
Poznan University of Technology, Faculty of Civil
and Transport Engineering, Poland.

e-mail: krystian.wozniak@doctorate.put.poznan.pl

Stawomir Wisniewski, MEng. — Doctoral School of
Poznan University of Technology, Faculty of Civil
and Transport Engineering, Poland.

e-mail:
slawomir.wisniewski@doctorate.put.poznan.pl

Maciej Frankowski, MEng. — Doctoral School of
Poznan University of Technology, Faculty of Civil
and Transport Engineering, Poland.

e-mail: maciej.frankowski@doctorate.put.poznan.pl

88

COMBUSTION ENGINES, 2023;194(3)


https://doi.org/10.1016/j.scitotenv.2012.07.095
https://doi.org/10.2219/rtriqr.50.76
https://doi.org/10.1016/j.sbspro.2013.08.065
https://doi.org/10.3390/en13246709

Article citation info:

Fu¢ P, Sokolnicka-Popis B, Ziotkowski A, Bednarek M, Jagielski A, Michatowska A. Technology for manufacturing catalytic systems
using a pilot line for precious metal recovery. Combustion Engines. 2023;194(3):89-96. https://doi.org/10.19206/CE-169332

Pawel FUC

Barbara SOKOLNICKA-POPIS
Andrzej ZIOEKOWSKI

Maciej BEDNAREK

Aleks JAGIELSKI

Anna MICHALOWSKA

Polish Scientific Society of Combustion Engines

Technology for manufacturing catalytic systems using a pilot line for precious

ARTICLE INFO

Received: 2 June 2023

Revised: 6 July 2023

Accepted: 6 July 2023
Auvailable online: 5 August 2023
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The subject of this article is to compare the effectiveness of commercial exhaust gas aftertreatment systems
such as TWC and GPF with their prototype variant, which is produced on a pilot line that allows the recovery of
precious metals. What's more, the said production line allows the manufacture of components compliant with
Euro IV, V and VI standards. Depending on the model of the monolith made, it is possible to reduce the con-
sumption of precious metal raw materials by up to 20%, which should be considered a significant result. The
article describes in detail the manufacturing process of metal carriers using the mentioned technology.
A dynamic engine dynamometer was used for tests verifying the effectiveness of particulate filters, on which the
RDE test route covering the area of the Poznan agglomeration was mapped. The tests performed are particular-
ly important, as it should be borne in mind that according to the forecast in 2025, internal combustion engines
powered by conventional fuels will account for 85% of all propulsion sources. In addition, the increasing
environmental awareness of vehicle users and manufacturers requires solutions to reduce PM emissions into the
atmosphere in both mass and number.

Key words: DPF, TWC, PM, catalytic systems
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1. Introduction

One of the environmental problems, especially visible in
large metropolitan areas, is smog. Its source is, among other
things, emissions of harmful compounds from vehicles.
Emitted hydrocarbons, nitrogen oxides or particulates,
which undergo photo-technical reactions under the influ-
ence of sunlight, create photo-technical smog, commonly
known as California smog. Reducing emissions from com-
bustion engine units is an essential way to reduce the nega-
tive impact of road transport on the environment. Among
the components of exhaust gases, particulate matter is the
most dangerous to humans. Particularly small particles,
which are not filtered by the human respiratory system, are
the etiological factors causing disease. The problem of
particulate emissions affects both diesel and gasoline-
powered internal combustion vehicles. The use of direct
gasoline injection contributes to the formation of PM with
small diameters (less than 100 nm) [8, 11]. Ultra-fine parti-
cles (UFP), despite their small mass and diameter, dominate
in number in the ambient air. Significant effects of air pol-
lution by particles with diameters smaller than 100 nm on
the occurrence of cardiovascular and respiratory diseases
(especially asthma and lung cancer) have been proven [1, 2,
12, 17, 24]. The issue of emissions from dual-fuel vehicles
additionally fueled with alternative fuels such as CNG as
presented in [27], is discussed. The issue of reducing emis-
sions as a result of replacing conventionally fueled vehicles
with alternative vehicles was, in turn, addressed in [25].
Analyzing the literature, it can be noted that researchers
focus on analyzing emissions from conventional and alter-
native vehicles as well as engines for other uses. This may
be due, perhaps, to the fact that legislators around the world
are systematically reducing emission limits from internal
combustion engines [26]. Nowadays, in order to reduce

emissions of individual components of exhaust gases, ad-
vanced exhaust gas cleaning systems are used [15, 16].

To reduce PM emissions, particulate filters are mainly
used. Built on a ceramic or metal support, the filter resem-
bles a honeycomb structure [10]. The inside of the channels
are covered with intermediate and catalytic layers. The
active layer is made up of Precious Group Metals (PGMs)
[20]. These are mainly platinum Pt, palladium Pd and/or
rhodium Rh [14]. Oxide catalysts have also found applica-
tion. The aforementioned active and intermediate layers are
applied to the support. Currently, there are two main types
of supports — ceramic and metal. The advantages of the first
type of carrier are low mass, repeatability of channel shape
and limited heat loss. However, the ceramic solution is
characterized by high thermal inertia and lower resistance
to mechanical damage. Metal carriers, on the other hand,
are characterized by high resistance to high temperatures,
ease of fabrication of large-diameter components, resistance
to sudden temperature changes and, above all, short time to
reach light-off temperature. Its disadvantages include high
manufacturing cost, significant heat loss during part-load
engine operation, the possibility of corrosion, and reduced
mechanical strength due to soldering and welding [7]. It is
worth noting that the automotive industry is characterized
by a very high demand for precious metals. In the case of
palladium, the largest amount of this raw material is con-
sumed in the production of catalytic systems used in motor
vehicles [22]. As indicated in [22], in 2011, the demand for
palladium used in the production of catalytic reactors
amounted to 66% of the total demand for this element. One
catalytic reactor used in passenger vehicles contains be-
tween 3—7 grams of platinum [18]. Over the past five years,
a fivefold increase in the price of palladium has been ob-
served. Price increases have also been observed for rhodi-
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um and platinum [19]. This directly affects the price of
a catalytic reactor, which is a component of the manufactur-
ing price of a new vehicle. In order to optimize the cost and
manufacturing process of catalytic systems, an innovative
production line was created to recover precious metals. The
purpose of this is to reduce the manufacturing costs of these
components. This article foretells the results of perfor-
mance verification tests of prototypes created on a pilot
production line.

2. Technology for manufacturing metal carriers

2.1. Manufacturing of metal carriers

Metal carriers are formed by rolling flat and corrugat-
ed/perforated metal foil. The thin walls provide a small
increase in backpressure at the gas inlet to the carrier and
a large OFA surface area. The use of metal foil facilitates
the creation of these large-diameter components, which
have applications in exhaust gas purification of stationary
operating engines (e.g., power generators) and NRMM
(Non-Road Mobile Machinery). The manufacture of metal-
backed filters is characterized by shorter production times
and reduced processes compared to ceramic carriers. The
carriers are produced by rolling 0.05 mm thick film. The
material undergoes a degreasing process at the beginning of
production to maximize surface adhesion properties. De-
greasing is carried out in ultrasonic washers (Fig. 1).

Fig. 1. Treatment of metal film at the beginning of production: a) degreas-
ing in ultrasonic washers, b) coating with catalytic layers together with
intermediate layer by bath method

The next stage in the production of the carrier is the
spinning process (Fig. 2). Using a feeder with a guide, the
metal film is directed to a machine that forms the target
shape of the carrier. The film of the required width is then
wound onto a spool of a defined diameter and secured with
tape before returning to its previous shape (Fig. 3a). The
prepared film is coated with catalytic layers together with
an intermediate layer by the bath method, less often by
spraying. For particulate filters, a coating containing oxidiz-
ing elements, mainly platinum, is used. The catalytic layer
should be applied uniformly over the entire surface of the
carrier. In the filters being developed, the exact composi-
tion of the catalytic layer is part of the manufacturer's pa-
tent, which determines the proportion of oxidizing or oxida-
tion-reducing elements applied. The catalytic coating varies
depending on the type of element produced.

In the case of motor vehicles, the most common shape
of the carrier is a cylinder (Fig. 3b). The next stage of pro-
duction is the manufacture of the housing. The outer part of
the carrier and the housing are joined by welding or solder-
ing. This process is carried out manually due to the large
differences in the filters and reactors produced. The final

stage is the addition of a diffuser at the inlet and a confuser
at the outlet of the carrier, depending on the requirements of
the customer and the application for a specific use (Fig. 3c).

Fig. 2. Spinning process of metal foil

a) b) c)

Fig. 3. View of selected stages of metal carrier manufacturing: a) securing
the film with tape before restoring the original shape b) cross-section of
the finished carrier, c) view of the complete particulate filter

2.2. Recovery of catalytic materials from metal carriers

In the world literature, examples of the application of
recycling methods for catalytic reactor carriers and particu-
late filters made of ceramic materials constitute the vast
majority compared to metal carriers. The End-of-Life Vehi-
cles Directive 2000/53/EC sets the general framework for
the operation of a country's recycling system, which leaves
freedom in the choice of methods and tools used to process
vehicles and their components [3, 4]. Pyrometallurgical and
hydrometallurgical methods are widely used in the pro-
cessing of ceramic monoliths. In the case of metal carriers,
the recovery of platinides can be carried out using a device
equipped with a magnetohydrodynamic pump. Analogous
to ceramic monoliths, metal carriers are crushed using dedi-
cated shredders and grinders until a dust with the appropri-
ate grain diameter is obtained. The illustration shows
a corrugated film metal carrier for X-ray analysis and recy-
cling (Fig. 4).

Fig. 4. Catalytic reactor metal support used for X-ray analysis and recy-
cling [6]

An analysis of the application of this technology by var-
ious research centers indicates that the grinding step of the
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carrier is not always carried out. The monolith is placed in
a liquid metal moving at a certain speed. Two types of pumps
are used in the devices. The combination of a magnetic field
and current flow creates a force that directs the liquid metal
along the axis of the channel (in the case of a conduction
pump). In an induction pump, eddy currents are created,
which induce a pressure difference at the inlet and outlet of
the filter, so that a suction-pressure force is created [5].

According to research conducted by the laboratory of
the Institute of Metal Technology of the Silesian University
of Technology, the effectiveness of the method was demon-
strated by proving the depletion of platinum content in the
processed carriers. In Poland, there are more than a dozen
plants for the purchase and disposal of all types of carriers.
In order to ensure the cost-effectiveness of the process,
many companies declare a minimum number of carri-
ers/weights of elements to be delivered for disposal [21].
While processes for ceramic carriers are already fully in-
dustrialized and standardized, for their metal counterparts,
work is underway to improve the efficiency and effective-
ness of the methods used. The undeniable advantage of
recycling metal carriers is the degree of material reuse.
Fragments of both housing and carrier that no longer con-
tain precious metals are separated and recycled [11]. In
recent years, environmental contamination with platinum
group metals has been discovered. One likely source is
catalytic reactors and particulate filters used in automotive
applications. Ceramic supports are subjected to high tem-
peratures, changes in oxidation-reduction conditions and
mechanical abrasion. This results in violation of the mono-
lithic structure and leakage of carrier fragments along with
exhaust gases into the environment [23]. It is possible to
partially eliminate the ingress of PGM metals into the envi-
ronment by using metallic catalytic supports, which have
greater mechanical strength and resistance to rapid tempera-
ture changes in the outlet system.

2.3. Innovative technology for manufacturing metal
carriers with 20% recovery of precious metals
AWG Polonez has developed an innovative line for
manufacturing catalytic systems that meet Euro V and VI
standards, which allows the use of 20% recycled precious
metals (Fig. 5). The construction of commercial catalytic
monoliths consists of spirally coiled or otherwise two types
of strips: smooth and corrugated, 0.05 mm thick, bonded
together using a binder — hard solder. Such a structure,
which resembles a honeycomb in structure, results in
a certain number of channels (on average 400 cpsi — the
number of holes per 1 cal?). The exhaust gases flowing
through them come into contact with a catalytic layer ap-
plied to their surface, which ensures the conversion of CO,
HC or NO,. In the case of AWG Polonez, a catalytic car-
tridge with a hole density per 1 cal® of up to 700 cpsi (600
on average) has been achieved, and the use of hard solder
developed at laboratory scale has enabled the use of 0.04
mm thick strips. Washcoat is a porous developed surface
containing mainly Al,Os, and precious metals derived from
the active layer of the catalytic monolith. The active layer
contains catalytic substances: palladium, platinum, rhodium
or ruthenium. In the technological process of the innovative
line, washcoat waste is ground in mills until the desired

grain size is achieved, then grain size control is performed.
The next step is to produce a homogeneous slurry contain-
ing washcoat, precious metals and washcoat from the re-
covery process. With the use of braze providing sufficiently
strong joints, it was possible to use a thinner coil strip to fill
the monolith. Braze is a nickel-based eutectic alloy with the
addition of phosphorus and boron and chromium. The sol-
der also offers economic advantages due to its reduced
melting point compared to current alloys. The fabrication of
the catalytic system is divided into 3 stages: preparation of
the raw materials needed to make the catalytic monolith and
ultimately the finished product-catalyst, physical and chem-
ical processes of the monolith taking into account recycled
materials, incorporation of the monolith into the finished
product. A key element of monolith manufacturing is the
brazing of monolith components. Due to the requirements
of the process, it is carried out under a 10-3Tr vacuum.
A nickel-based alloy with the addition of phosphorus and
boron will be used as the binder for brazing. The alloy has
a liquidus temperature below 900°C. This will make it pos-
sible to reduce the temperature of the process, which is
beneficial for economic as well as environmental reasons.
A laboratory tube furnace was used to carry out tests on
joining stainless steel layers with brazing. Observations of
the structure of the brazed joint were carried out on an
X-ray microanalyzer. The obtained joints were character-
ized by about 90% gap filling by the solder material, while
the American Welding Society for responsible joints con-
siders 85% coverage of the bonded surfaces sufficient. The
evaluation of the quality of the solder joints, made on the
basis of macroscopic observations of the shapes of the
solder outflows, also made it possible to describe them as
correct. In most of the connections, correct concave-shaped
efflorescences were observed, proving good adhesion of the
solder to the parent material. In all samples, regardless of
the soldering parameters used, the joint structures were
qualitatively similar. The native material and the zone of
the actual joint could be distinguished in the tested joints.
Strength tests confirmed that the tested binder in the form
of an amorphous strip meets the requirements for solder
joints in catalytic monoliths. The very good performance of
the used braze allowed for saving 20% of material in the
actual process.

Fig. 5. Innovative metal carrier production line with 20% precious metal
recovery
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3. GPF filter testing

3.1. Description of the manufactured filter

The metal-backed particulate filter made on the innova-
tive production line was a flow-through filter. It consisted
of 50 filter channels with a height of 2 mm, which translat-
ed into 200 cpsi. One of the basic geometrical parameters of
the filter media is the angle of perforation of the metal film.
The prototype filter was characterized by dividing the
length of the carrier channel into 3 sections (Fig. 6). Each
with a length of 50 mm, but variable perforation angle: 20°,
25°, 30°. The use of perforations of the carrier's metol film
forced the flow of exhaust gases on the outer radii of the
carrier's longitudinal axis, which increased the efficiency of
the filter (Fig. 7a). The diameter of the carrier was 100 mm,
the length was 150 mm (Fig. 7a and 7b). These dimensions
are close to the solutions used in series for the tested en-
gines by manufacturers of catalytic reactors and particulate
filters in the vast majority of solutions. The angle of incli-
nation of the diffuser and confuser (30°) was adjusted to the
diameter of the exhaust system pipe.

Fig. 6. Geometry of the channel of the prototype filter

Fig. 7. Prototype filter: a) perforations of metal sheet, b) filter inlet, c)
filter outlet

3.2. Methodology

Verification of the efficiency of the manufactured filter
was carried out by measuring the emission of harmful ex-
haust gas compounds downstream of the exhaust gas after-
treatment system. The subjects of the study were 4 compo-
nents of the exhaust gas cleaning system. Two commercial
solutions were used in the study — a TWC catalytic reactor
and a GPF/TWC particle filter, as well as a prototype cata-
Iytic coated particle filter manufactured on the innovative
production line described earlier. The prototype solution
was juxtaposed with the TWC 400 CPSI reactor (Fig. 8).
Data on the individual research configurations are summa-
rized in Table 1.

Table 1. Configurations of exhaust gas purification systems used for testing

No |Number [Distribution of

Number Type Material
of ele- elements cpsi configurations |carrier
ments

1 1 TWC 200 commercial |ceramics

2 1 GPF/TWC 400

3 2 TWC + 400 + 200 |prototype metal
GPF/TWC

GPF/TWC — catalytic coated particulate filter

The test was carried out using an engine dynamometer.
The tested configurations of exhaust gas treatment systems
were mounted behind an engine meeting the Euro 5 emis-
sion standard. The location of the various components on
the bench is shown in Fig. 9.

A dynamic braking stand was used to load the engine.
The measurement was carried out on the basis of the au-
thor's test, which reflected the test in real operating condi-
tions. The premise of the test was to simplify and shorten
the test procedure performed under real conditions to tests
using an engine dynamometer. The test was divided into 3
cycles corresponding to the division considered in the RDE
procedure. The dynamometer used is characterized by
a short overdrive (load change) time, making it possible to
reproduce a previously recorded test, as well as to repro-
duce the braking of an engine that is driven by an electric
unit. The simulated speed of the vehicle is shown in Fig.
10. According to the standard, the parameters in each of the
three cycles are strictly defined by the time the vehicle
travels at a speed equal to or less than 60 km/h for the urban
cycle, between 60 and 90 km/h for the extra-urban cycle,
and between 90 and 140 km/h for the highway cycle.
A mobile apparatus from the Portable Emission Measure-
ment Systems (PEMS) family was used to measure exhaust
emissions of harmful compounds. Emission rates of gas
compounds (CO, CO,, NO,, HC and O,) and exhaust mass
flow rates were measured using the SEMTECH DS appa-
ratus. PM,, concentration was measured using AVL's MSS
(Micro Soot Sensor) analyzer. The method of operation and
parameters of the measurement apparatus used are de-
scribed in detail in other publications by the authors [9, 13,
28, 29].

Fig. 8. Arrangement of the outlet system components depending on the
tested configuration: a) TWC+ prototype GPF/TWC reactor, b) commercial
TWC or GPF/TWC

Fig. 9. Test stand: 1 — particulate filter, 2 — temperature measuring points,
3 — electric motor of dynamic dynamometer, 4 — exhaust system, 5 —
exhaust gas flow meter, 6 — internal combustion engine
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Fig. 10. Vehicle speed in the author's engine dynamometer test
4. Research results

4.1. Configuration 1

The choice of test methodology is based on the need to
develop a solution that combines the advantages of on-road
and laboratory testing. The first exhaust aftertreatment
system configuration tested consisted solely of a commer-
cial TWC (Fig. 11).

TWC

200 CPSI

Fig. 11. Schematic of test system with commercial ceramic carrier

Characteristics of PM,, emission intensity over a range
of load and crankshaft speed illustrate ranges with in-
creased emission intensity: a load of 5% for speeds in the
1000-1250 rpm range, loads of 10 and 20% for speeds in
the 3000-3250 rpm range, and a load of 30% for speeds in
the 2250-2750 rpm range. In addition to the large value
observed for the engine's idling points, particle emissions
under conditions corresponding to the entire load range and
higher speeds account for the largest share of the entire test
(Fig. 12). Most PN were emitted during engine operation at
medium and high speeds in the partial load range (Fig. 13).

Fig. 12. PM, emission intensity in the range of engine speed and engine
load for configuration 1 of the exhaust system in the rendered test

Fig. 13. PN concentration in the range of engine speed and engine load for
configuration 1 of the exhaust system in the rendered test

4.2. Configuration 2

Another configuration tested was a commercial
GPF/TWC filter in series on the engine accepted for re-
search (Fig. 14).

—

Fig. 14. Schematic of the test system with commercial wall-through ce-
ramic carrier

The intensity of PM, emissions over a range of load and
crankshaft speed is divided into three ranges. The first re-
flects engine operation with a load of 5-30% and an engine
speed of 750-1250 rpm (Fig. 15). The highest value in this
range was registered for the lowest value of engine load and
speed corresponding to idling. The other values are several
times lower, indicating the effect of increasing the load on
increasing the efficiency of the particulate filter. In the
second interval of 1250-2750 rpm, emissions are uniform.
There is a several-fold increase in the recorded values in the
third interval, 2750-3250 rpm.

Fig. 15. PMy, emission intensity in the range of engine speed and engine
load for configuration 2 of the exhaust system in the rendered test
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PN concentration is highest in the speed range above
2000 rpm and load above 20% (Fig. 16). From the charac-
teristics, it can be seen that low rotational speeds have an
aggregately smaller effect on PN emissions compared to
near-maximum speed values.

Fig. 16. PN concentration in the range of engine speed and engine load for
configuration 2 of the exhaust system in the rendered test

4.3. Configuration 3

The premise of Configuration 3 was to place two ele-
ments made with metal carriers in the exhaust system. The
first was a TWC 400 CPSI reactor supporting CO, HC
oxidation and NO, reduction reactions. The second element
was a prototype GPF/TWC acting as a filter (Fig. 17).

—» —

Fig. 17. Schematic of exhaust gas purification system with TWC 400 CPSI
reactor and prototype GPF/TWC 200 CPSI metal carrier

The maximum value of PM,, emission intensity differs
from the other results by about ten times. This result was
obtained for a load of 5% and a rotational speed in the
range of 1250-1500 rpm (Fig. 18).

Fig. 18. PM,, emission intensity in the range of engine speed and engine
load for configuration 3 of the exhaust system in the rendered test

These values correspond to operation in urban condi-
tions during congestion. The intensity of PM., emissions in
such a case is particularly undesirable due to the exposure
of people near the roadway. PM,, emission intensities above
1500 rpm reach similar values for the entire load range. The
highest PN was measured during low-load operation in the
crankshaft speed range from 1500-1700 rpm (Fig. 19).
Apart from this case, the effect of simultaneously increas-
ing speed and load resulted in a gradual increase in PN until
it reached values corresponding to engine operation at the
highest vehicle speeds.

Fig. 19. PN concentration in the range of engine speed and engine load for
configuration 3 of the exhaust system in the rendered test

In order to summarize the results obtained, graphs were
made showing the measured values for the various configu-
rations that were tested (Fig. 20).

Fig. 20. Summary of the results obtained for each configuration: a) CFey,
b) PMy, c) PN

Based on the Conformity Factor for PN, it can be con-
cluded that all test facilities did not exceed the limits as-
sumed for the Euro 6d standard. The particulate filter man-
ufactured on a state-of-the-art assembly line allowing re-
covery of precious metals had the lowest value, which
means that among the tested configurations it was the most
effective. Analyzing the measured values of particulate
mass analogously to the first chart also, none of the config-
urations exceeded the limits. Both the second and third
variants reached values close to each other. The highest
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value was recorded for configuration number 1, in which
a commercial trifunctional catalytic reactor was installed. In
the case of the third graph showing the number of particles
emitted, the prototype particulate filter was also the most
effective. Analyzing the other commercial solutions, there
is an increase in particle number emissions of about 30%
than for configuration number 3.

5. Conclusion

Three configurations of the exhaust gas treatment sys-
tem were tested, and their effectiveness was compared in
a test that replicated a real-world run complying with the
requirements of the RDE procedure. All configurations met
the requirements of the Euro 6d standard for PM,, and PN
emissions. In configuration 3 used, the measured CF and
PN values are about 30% lower than those of commercial
exhaust aftertreatment systems. This is directly related to
the construction of the described filter and the solutions
used in it. Therefore, the manufactured prototype particu-
late filter in a state-of-the-art pilot line enabling precious
metal recovery has better particulate filtering properties

than commercial solutions. What's more, the innovative
manufacturing technology makes it possible to use metal
carriers with 20% precious metal recovery, while meeting
the respective guidelines for Euro V and Euro VI standards.
Tests of commercial carriers were carried out to compare
performance in reducing gaseous components of exhaust
gases and filtration efficiency with prototype configurations
made. Based on the test results, it is clear that the use of
metallic media as replacements for commonly used ceramic
media filters will be a more effective solution.
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Nomenclature

CF  conformity factor

CO  carbon monoxide

CO, carbon dioxide

GPF gasoline particulate filter
HC  hydrocarbon

NO, nitrogen dioxide

0, oxygen

PEMS portable emission measurement system
PMy, particulate matter mass

PN  particulate number

RDE Real Drive Emission

Si spark ignition

TWC three way catalysts
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The implementation of low-sulphur, so-called modified marine fuels into operation requires prior labora-

tory engine tests to assess the energy, emission and structural effects of their usage. This type of research are
carried out on the test bed of a diesel engine as a small-scale physical model that reproduces the adequate
design and process (parametric) features of a full-size marine engine. Their key stage is to determine the
energy characteristics of the engine in the steady state of operation determined on the basis of the analysis of
the developed indicator diagram and the dynamic characteristics of the transient processes from idling to the
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reference steady state of load — and vice versa. In this way, the basic diagnostic parameters of the fuel usable
quality are determined: the rate of pressure increase in the cylinder and the average deceleration of the engine
crankshaft within the strenuous transient process. This article presents representative results of this type of
research carried out on six different, low-sulphur marine fuels used to feed marine engines.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Experimental assessment of the impact of newly pro-
duced, low-sulphur marine fuels on the energy state of
a diesel engine in terms of its performance, efficiency,
dynamic characteristics and chemical emissivity of ex-
haust gases is a complex process [1, 2, 13]. It is the basis
for making an operational decision regarding their further
usage to feed full-size marine engines. It involves the
need to carry out engine tests on specially adapted labora-
tory test beds in accordance with the developed methodol-
ogy, as well as to perform a multi-criteria assessment of
this impact using appropriate operations research tools [4—
6]. As a result, it gives the possibility to build a ranking of
the usable quality of the tested marine fuels according to
the established diagnostic criteria (diagnostic parameters)
[7, 14]. This type of research has been carried out for
several years at the Marine Power Plant Department of the
Gdansk University of Technology on the test bed of
a research Cl engine as a small-scale physical model that
maps adequate design and process (parametric) features of
a full-size marine engine [7]. So far, six different low-
sulphur marine fuels have been tested, the basic physical
and chemical properties of which are listed in Table 1.

The key stage of the program of experimental research
of a laboratory Cl engine in the conditions of non-
standard marine fuel feeding is the determination of dy-
namic features characterizing the combustion process, as
well as transient processes enforced in a strictly defined
alteration range of load and crankshaft rotational speed. In
this way, two diagnostic parameters are determined (out
of the ten criterion parameters of the ranking of marine
fuels in usage quality), which are characterized by the
greatest sensitivity to changes in the marine fuel used: the
rate of in-cylinder pressure increase and the average en-
gine crankshaft rotation delay in the transient process.

2. A rate of the in-cylinder pressure increase
A measurement of the pressure of the working medium

in the cylinder in terms of an angle of the crankshaft rota-

tion stands for a basis for the analysis and evaluation of
energy processes worked out in the research engine Fary-
mann Diesel D10, in the conditions of supply with various
types of marine fuels. This is carried out in the states of
steady engine load, using specialized measuring equip-

ment (Fig. 1):

— Optrand Incorporated optical pressure sensor: Au-
toPSI-TC Sensor, 0-200 bar, 0.1 Hz to 20 kHz;

— two proximity (inductive) sensors, type PNP NO 5
mm: angular position and rotational speed of the
crankshaft;

— DT9816 measurement card by Data Translation — for
simultaneous recording control parameters (sampling
frequency 10 kHz, resolution 16 bit), together with the
QuickDAQ ver. 3.7.0.46 — for the direct acquisition of
measurement data in online mode.

Computer application programs, developed in the
MATLAB R2015b environment, for processing and ana-
lyzing the obtained results represent an important supple-
ment to the measurement system. They enable averaging
the recorded indicator charts, as well as determination of
the magnitudes characterizing the working process
worked out in the engine cylinder: average indicated pres-
sure p;, indicated power P;, the maximum combustion
pressure pmax and the rate of in-cylinder pressure increase
dp/da..

The latter parameter, determined from the developed
indicator diagram, makes it possible to evaluate the dy-
namic characteristics of the fuel combustion process in
a diesel engine, in accordance with the known calculation
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Table 1. Measurement results of elemental composition as well as energy and ignition properties of the considered low-sulphur marine fuels

Parameter MGO MDO RMD 80/L | RMD 80/S | RME 180 RMG 380

The content of carbon C, % m/m 86.20 86.63 86.14 86.54 86.12 86.10
The content of hydrogen H, % m/m 11.10 11.20 11.72 11.75 11.80 11.90
The content of nitrogen N, % m/m 0.05 0.04 0.027 0.02 0.02 0.02
The content of sulfur S, % m/m 0.09 0.008 0.028 0.10 0.01 0.01
Gross calorific value, MJ/kg 46.20 45.68 46.01 45.41 46.19 46.03
Net calorific value, MJ/kg 43.23 42.70 43.04 42.44 43.20 43.08
Cetane number (CN)/calculated carbon aromaticity 57.2 51 755 791 750 747
index (CCAI)

Density at 15°C, kg/m® 827.1 820 872.7 885 878.7 884.5
Kinematic viscosity at 40°C (dist.)/50°C (res.), mm/s 2.99 2.37 77.83 16.48 165.30 308

Fig. 1. Measuring sensors on the Farymann Diesel D10 research engine:

1 — in-cylinder pressure, mounted in the side wall of the cylinder head,

2 — proximity sensor, crankshaft angle position (TDC), mounted in a plane

perpendicular to the flywheel, 3 — proximity sensor, crankshaft rotational
speed, mounted in a plane parallel to the flywheel

formula for the intensity of heat release in the combustion
chamber dQ/da [11, 12]*:

daQ
da

dp ¥
da K—1

AV K
da’ °cA @)

1
=—.V-
k-1

where: x — specific heat ratio of the working medium c,/c,,
V — combustion chamber volume, p — in-cylinder pressure,
o — angle of the crankshaft rotation.

L Since it is not possible to directly (by measurement) determine the
course of heat release in the process of fuel combustion in the cylinder of
a diesel engine, it is recreated by calculation, by means of an analytic-
empirical model derived from the first law of thermodynamics. A course
of the in-cylinder pressure alteration during the valves closing period
stands for the input parameter of this model. It is recorded during the
experimental tests of the engine. But the rate of net heat release (amount of
heat released as a result of combustion reduced by heat losses penetrating
the walls of the combustion chamber, heat for fuel heating and evapora-
tion, as well as the heat of thermal dissociation of the fuel vapor) consti-
tutes the model output parameter.

The above equation, after appropriate transformation,
can be used to determine the formula on the rate of in-
cylinder pressure increase dp/da. in the form:

d _x1.49_ .p dV MPa )
da \% da V da CA

In turn, knowing that the total amount of heat released
in the process of complete combustion Q depends on the
injected fuel dose mse and its net calorific value NCV:

Q = mgye - NCV, kJ (3)

equation (1) can be written in the expanded form:

d k-1 dm dvV MPa
_p—T.ch.ﬂ_ P,

de da V da’ °ca (4)

where: NCV — fuel calorific value, ki/kg, myge — fuel dose
for one engine work cycle, kg/cycle.

The first component of the right-hand side of equation
(4) takes into account the time (angular) characteristics of
the injection of a specific fuel dose dmse/da and its calorif-
ic properties NCV. That means that the direction of changes
in the rate of in-cylinder pressure increase is consistent with
the direction of changes in the energy potential of the ap-
plied type of feeding fuel. The second component of the
right-hand side of equation (4) characterizes the work of
compression performed by the thermodynamic system,
which can be proved using the general isentrope equation
[10, 12].

Electronic cylinder indication brings a completely new
information quality in the aspect of assessing the dynamic
characteristics of the fuel combustion process in a research
diesel engine, despite the known metrological weaknesses
of this method?, used mainly in the diagnostics of high-
power engines — land and marine. On the basis of a proper-
ly smoothed (e.g. by synchronous averaging) course of
variation of the working medium in-cylinder pressure as

2 They result from the following problems:

« the need for the manufacturer to ensure sufficient exam susceptibility of
the engine, in the sense of its standard equipment with cylinder indicator
valves (most modern high-speed and even medium-speed engines do not
meet this condition);

the need to ensure a steady, nominal load during the engine testing (this
is easy to fulfill for engines driving generating sets, while for engines of
the ship’s main propulsion system it is difficult because their cylinders
indication requires constant sailing conditions);

significant measurement uncertainty resulting from errors in determining
the piston TDC and fluctuation rotational speed of the crankshaft;
deformations of the working medium in-cylinder pressure course caused
by changes in the geometry of the indicator cock passage as a conse-
quence of its contamination or wear, as well as imperfection of the
measuring transducers used (temperature drift).
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a function of an angle of the crankshaft rotation p = f(a), it
is possible to determine the courses of the first and second-
order derivatives (Fig. 2). They provide key diagnostic
information regarding the quality of the working process
(combustion):

» the angular position of the crankshaft at which the pres-
sure in the cylinder reaches its maximum value — the ze-
ro point of the first-order derivative dp/dao;

 the angular position of the crankshaft at which fuel self-
ignition occurs — the zero point of the second-order de-
rivative d’p/do’;

» dynamics of the combustion process — maximum of the
first-order derivative (dp/dot) max-

Oy Oy TDC O o

Fig. 2. The method of using the 1st and 2nd order derivative of the cylin-
der pressure function p = f(a) to evaluate the dynamic features of the fuel
combustion process in a diesel engine: p — working medium in-cylinder
pressure, pem — air in-cylinder pressure during the “clean" compression
process (without self-ignition), V — vibration signal forced by the injector,
generated from the cylinder head (vibration acceleration envelope), o —
angle of the crankshaft rotation (°CA), ainj — angle of the fuel injection
beginning, ag — fuel self-ignition angle, ama — angle of the maximal
combustion pressure

In assessing of the combustion process dynamics, more
complex indicators are also applied. For example,
Kozaczewski proposed in his monograph the so-called
dynamic impulse D¢om,, defined as a product of the maxi-
mum of the first-order derivative (dp/do)ma.x and the pres-
sure increase until this maximum Ap [8]:

Deombp = Ap - (d_p) (%)
max

da

While analyzing the impact of the rate of in-cylinder
pressure in a diesel engine, its two aspects should be con-
sidered: the efficiency of the realised working process and
the strength of the engine structure. In general, the com-
promise principle of maintaining the highest possible dp/da.
values while preventing excessive pressure pulsations in the
cylinder space and the so-called knocking combustion, with
all the further effects of this negative phenomenon on the
engine reliability [8].

An average rate of the in-cylinder pressure increase of
the engine with a pre-combustion chamber is much lower
than in the engine with direct fuel injection [6]. However,
regardless of the engine construction, the limit value of
dp/da should not exceed 0.8-1.0 MPa/°CA in the entire
range of the load alterations. Hence, this is recommend to
apply a calculation formula that takes into account the need

to maintain appropriate proportions of pressure increase in
the cylinder during the period of fuel self-ignition delay and
the period of kinetic combustion [6]:

d d

&) - &)

A different approach to the issue of determining a rate
of the in-cylinder working medium pressure of the research
engine was adopted, treating this value as a diagnostic pa-
rameter characterizing the usable quality of marine fuels. It
was assumed that the most destructive for the mechanical
system of the engine are the local maxima of the first-order
derivative of the pressure in the cylinder, occurring during
the period of Kinetic combustion ag; — apmax- Hence, only
the highest instantaneous value of the pressure increase of

the working medium in this period was adopted for further
diagnostic evaluation (Fig. 3):

sup (5e)

Table 2 lists numerical values of a rate of the in-cylinder
pressure increase of the engine fed with the tested marine
fuels.

< 0.25MPa/°CA  (6)

ASI—Apmax Ajnj—As]

P(G+AG)—P(0‘)) (7)

= sup (limA(xao Ao

As1—Apmax

Table 2. Calculation results of a rate of the in-cylinder pressure increase of
the engine fed with the tested marine fuels

Parame- | MGO | MDO | RMD | RMD | RME | RMG
ter 8O/L | 80/S | 180 380
dp/da

barscs | 06406 | 0.6130 | 0.4947 | 05600 | 0.4817 | 0.4693

Analyzing the numerical data presented in Table 1, it
can be concluded that the most favorable course of the
combustion process in the dynamic aspect (“soft" engine
operation) was obtained when the engine had been fed with
RMG380 fuel, for which the rate of in-cylinder pressure
increase was equal dp/da = 0.4693 MPa/°CA. The most
unfavorable combustion course ("hard" engine operation) —
when powered by MGO fuel, for which dp/da = 0.6406.

3. Angular acceleration and deceleration of the

crankshaft in transient processes

In the second stage of testing marine fuels, examina-
tions of research diesel engine dynamics are carried out in
transient processes. They are worked out within the estab-
lished range of the engine load variability [6]. These pro-
cesses are initiated (enforced) by changes in the armature
current intensity of the generator loading the engine. The
processes are forcedly carried out in about 1-2 s (of
a course similar to a unit stroke). In this way, further diag-
nostic parameters are determined: angular acceleration
within the process of the engine crankshaft acceleration and
angular deceleration in the process of its deceleration as
observable effects, respectively: accumulation and dissipa-
tion of kinetic energy stored in the rotary power train unit.

These parameters primarily reflect the inertia of the ac-
celerated and decelerated mechanical system of the entire
power train unit, which results from moments of the masses
inertia within the engine reciprocating and rotational mo-
tion and the rotating masses of the drive line along with the
power receiver.
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Fig. 3. Developed indicator diagram p = f(a) of the Farymann Diesel D10 research engine in the conditions of feeding with the tested marine fuels:
a) assembly diagram; b) magnification of the graph p = f(a) in the area of the piston TDC; c) the course of the derivative dp/da. for the entire engine cycle;
d) magnification of the derivative dp/da for the period of kinetic combustion [6]

It also results from dynamic features of the power sup-
ply and control system engine, including the calorific prop-
erties of the feeding fuel used.

According to Newton's second law of dynamics, in the
transient operating states of the considered power train unit
with a Cl engine, there are specific alterations in the kinetic
energy of the rotating masses, which result from the follow-
ing relationship [3, 9]:

d
+]- d_(f = M, — Mjgag = Mj — M, — Mjgaq (8)

where: J — mass polar moment of inertia of the rotating
masses of the engine and generator, o — angular velocity of
the propulsion unit, M, — effective (useful) torque of the
engine, M; — indicated torque developed by the engine, M,
— torque of the mechanical losses within the whole power
train unit, M., — load torque (DC generator).

On the other hand, the indicated torque M;, which is di-
rectly proportional to the mass flow rate of the feeding fuel
Mg, its net calorific value NCV and thermal efficiency of
the engine thermodynamic cycle ng, and inversely propor-
tional to the rotational speed of the crankshaft n, can be
calculated from the following formula:

1

2'm'n

while the indicated engine power — from the formula:

M; = igye - NCV -1y, -

©)

P =2 -1 n-M;=mge - NCV- 1y, (10)

Thus, in order to increase or decrease the engine power,
the mass flow rate of the feeding fuel to the combustion
chamber for each transient rotational speed of the crank-
shaft must be, respectively: greater or lesser than during the
operation of the power train unit, with the same rotational
speed over a fixed range.

As a result, while analyzing dynamic characteristics of
the engine in the transient process, the dependence on the
acceleration (deceleration) time of the crankshaft from the
rotational speed n; to n, (and vice versa) can be expressed
in the form:

e (11)

_ s
Ta@) = 30" o, M|
where: My = M; — M, — Mj,.4 — dynamic torque (acceler-
ating or decelerating) on the engine output shaft.

The greater the value of the dynamic torque My and the
smaller the value of the mass polar moment of inertia of the
rotating masses J and the smaller the range of changes in
the crankshaft rotational speed n, — ny, the shorter the time
of the transition process T,q). The dynamic torque, positive
or negative, can also be generated during the transient pro-
cess enforced by changes in the engine load torque (genera-
tor driving torque). In such a situation, there are two op-
tions for implementing this process:
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— during engine running on the external speed characteris-
tics (line A-B in Fig. 4), while maintaining a constant
fuel dose per engine work cycle my (constant fuel rail
setting lxe), taking into account its correction, which re-
sults from the speed characteristics of the injection unit.
Deceleration or acceleration is caused, respectively: by
increasing or decreasing the load torque Mg,q;

— during the running of the engine on the regulator char-
acteristics with the rotational speed changing in the
range of the regulator's astatic operation® (line B-C in
Fig. 4). The fuel dose is changed as a result of an impact
of the rotational speed controller on the fuel rail of the
injection pump. Deceleration represents a result of the
simultaneous increase in the load torque Mg and the
fuel dose per cycle my,, while acceleration — a simulta-
neous decrease in Mjgaq and Myer.

a)

Me, a acceleration
N‘m A
I Iy g=idem
deceleratio B
1B80F-——f -7

deceleration r=idem
1,0 c >
b 0 1200 1450 n -
Mloady“ min
N-m

Fig. 4. Characteristics of the realised transient processes of the research

engine: a) alteration of the effective torque of the engine in the process of

acceleration and deceleration; b) the nature of the applied excitation: A-B

— external speed characteristics (fuel rail setting — the amount of injected

fuel per one engine cycle, Iy = idem), B-C — control characteristic (setting
the rotational speed controller, r = idem)

The formulas (8)—(10) also result in an important meth-
odological conclusion in the field of testing marine fuels.
Well, the time of acceleration and deceleration of the en-
gine crankshaft depends additionally on the net calorific
value of the feeding fuel NCV. The higher the NCV value,
the shorter the engine crankshaft acceleration time and the
longer the deceleration time. Thus, by registering the rota-
tional speed of the engine crankshaft in a given range and
the nature of the load variation, it is possible to determine
the average value of the angular acceleration (deceleration)
Awqyg) = |Ao|/At in the transient process and, on this basis,
to assess the impact of the marine fuel applied on the dy-
namic characteristics engine and the entire powertrain.

® The so-called “slip” of the rotational speed controller.

Figure 5 shows the representative time courses of the re-
search engine load (power of the generator), enforcing the
process of acceleration and deceleration of the power train
unit, and the corresponding time courses of the crankshaft
rotational speed as a response to the applied inputs of the
dynamic process. The method of determining the angular
acceleration and deceleration of the crankshaft in the con-
sidered transient processes is graphically illustrated in Fig.
6. First, the recorded courses of rotational speed of the
engine crankshaft should be smoothed and averaged®, and
then the differential quotients Aw/At should be calculated
for successive instantaneous time values implementation of
the transition process. In the next step of the calculations, it
is necessary to determine the beginning and ending times of
the transient process 1, and t.. It is assumed that these are
the characteristic zero points of the Aw/At course, for
which limit values of the crankshaft rotational speed n, and
ne are determined. On this basis, it is possible to calculate
the average values of the engine crankshaft angular acceler-
ation and deceleration in the specified time interval of the
acceleration and deceleration process:

(d_“’) ~ (A_“’) = (A_n) — Inb—nel (11)
dt a(d) At a(d) At a(d) Te—Tp
a)
Dynamics
=
IS
=
= 3
— o
o %)
[9+] —
o o
- [
Q
s
o
o
Time, s
b)
Dynamics
=
S
k=3
z 2
3 2
[5+]
S 5
3
o
04
Time, s

Fig. 5. Time courses of the load and crankshaft rotational speed of the
research engine in the acceleration (a) and deceleration (b) processes [6]

Table 3 lists the numerical values of diagnostic parame-
ters determined by this method. Since the direction of their
changes is the same, only the average angular deceleration
of the engine crankshaft (Aw/dt)q was selected for further
analyzes of the usable quality of the tested marine fuels.

* Repetition of the transient process at least 4-5 times under the same
thermal conditions.
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Table 3. Calculation results of the angular acceleration and deceleration of
the engine crankshaft fed with the tested marine fuels in the transient
processes of acceleration and deceleration

Parame- | MGO | MDO | RMD | RMD | RME | RMG
ter 8o/l | 80/s | 180 | 380

(ﬁ;;/m)a 0210 | 0420 | 0021 | 0032 | 0042 | 0025
(ﬁ;;’mr)d 0095 | 0165 | 0033 | 0043 | 0032 | 0030

The numerical data presented in Table 3 show that
a much more advantageous solution, from the point of view
of the marine engine motion dynamics, is the application of
distillation fuels for its feeding, which is in line with the
expectations. The best dynamic features in the transient
process were shown by the engine being fed with MDO

distillate fuel, for which the average angular deceleration of
the crankshaft was (Aw/At)d = 0.165 1/s and the worst —
by the engine fed with residual fuel RMG380, for which
(Aw/At)d =0.030 1/5°

4. Final remarks and conclusions

By comprehensively analyzing the obtained numerical
values of diagnostic parameters characterizing the usable
quality of low-sulphur marine fuels in terms of the dynamic
characteristics of the diesel engine powered by them, it can
be generally concluded that while distillate fuels have
a beneficial effect on the dynamics of transient processes,
their impact on the dynamics of the combustion process is
already definitely less favourable ("hard" engine running).

a) Drynamics

|EH

I
140

1430 |

1420

i

= 1410 ;

E
=

E

[5=]
-
[
L= |
]
=
P

—

Rotationn] sp

—

1370

Iip
1360

_,_
#
|

F 3

wn gular acceleration, rad/s

a

12

h} 1450

uh ] 44 il =

1450

1420} -
X '*

£ e i

0, I

bud

—a —a
# =

=

Ratational spe

1370

ular aceeleration, rad's

"

A

T
(]

B30

1350 L
0

W o, 1

Time, 5

Fig. 6.

Time courses of the research engine rotational speed and crankshaft acceleration in the acceleration (a) and deceleration (b) processes — the method

of determining the limit values of the crankshaft rotational speed n, and n, [6]
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The opposite is true for residual fuels. It turns out that
the combustion process is milder for them ("soft" engine
running), with a slightly slower response of the engine's
mechanical system to the given load alterations. In the case
of marine main propulsion engines, this kind of inertia is
not of great importance in practice.

Moreover, considering the obtained results of the con-
ducted examination of the engine dynamic features in the
context of the currently built ranking of the usable quality
of newly produced, modified marine fuels, additional meth-
odological conclusions can be drawn:

— The type of feeding fuel has a significant impact on the
considered dynamic parameters of the IC engine, that
stands for the basis for treating them as key diagnostic
parameters in a multi-criteria ranking of the usable qual-
ity of the tested fuels, not only marine ones;

— The engine crankshaft angular acceleration and deceler-
ation might represent stimulant parameters of such
a ranking, in which the increase or decrease of their val-

ues is perceived as, respectively: an increase or a de-
crease in the evaluation of the fuel usable quality;

— The attitude to similar classification the rate of in-

cylinder pressure is more complex. Taking into account
the marine engine durability it should be treated as
a destimulant of the ranking. But, in more in-depth and
detailed analyses, should be treated as the ranking nom-
inant. It can be assumed that the optimal value of this
parameter should be in the range of, for example, 0.2—
0.8 MPa/°CA In such a situation, exceeding both the
lower limit of the range, which means a reduction in the
working process efficiency, and the upper one, indicat-
ing too “hard” engine work that leads to excessive loads
on its mechanical system, means a reduction of the fuel
usable quality rating. It has been established that in
treating this parameter as a destimulant, it is assumed
that the same marine engine power is achieved with its
“softer” running — which is more desired.
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An example of adoption of the model-based design (MBD) methodology
in the development process of an LPG fuelling system

ARTICLE INFO

The research aims to recognize the potential of adopting the model-based design methodology to the

development process of an LPG (liquefied petroleum gas) fuelling system. Changing regulations often force the
modern development of internal combustion engines (Euro 7, CO, reduction measures, etc.). With the definitive
ban on new registrations of vehicles powered by internal combustion engines in Europe (planned for 2035),
there is still ongoing development of the adaptation of the fuelling system to LPG. There is still market potential
in adapting new internal combustion engines, usually equipped with direct injection systems, to reduce
customers’ cost of ownership of a vehicle. As the engineering process should be accelerated in the face of the
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variety of direct injection systems offered by OEMs (original equipment manufacturers), the model-based design
methodology is proposed to make the development more effective. The article presents the SWOT analysis of this
approach in the engineering process and the potential of the method in an LPG system development is
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1. Introduction

Combustion engines are still the most popular power
source in passenger cars globally. For about a decade, the
market share of ICE-powered (internal combustion engine)
passenger cars has been decreasing in favor of alternative
powertrains (hybrid, battery electric, and others). This trend
is becoming clearly visible in recent years, as it was pre-
sented in the chart in Fig. 1 for the EU (European Union)
market.

Fig. 1. New cars in EU by the fuel type [10]

The changing situation in the passenger car market
globally is mainly caused by the efforts to decrease CO,
emission reduction from the transportation sector.

Despite the fact, that only around of the 50% passenger
cars are powered by the classical powertrains (ICE only,
petrol or diesel), the ICE remains a component of the
powertrain of almost 85% of new cars (petrol, diesel, HEV
— hybrid electric vehicle, and PHEV — plug-in hybrid elec-
tric vehicle). The majority of these ICEs can be easily con-
verted to be partially or completely LPG-powered.

LPG, as a fuel to power vehicles, is regarded not only as
a cheaper alternative to petrol or diesel fuel but also as
a more environmentally friendly combustion [2]. It is also
the most widely used alternative fuel in Europe, although
other alternative fuels are present in the market. Theoreti-
cally, the engines which can be fuelled by the LPG can also
be fuelled by the CNG (compressed natural gas), with small
modifications to the conversion system. However, due to
the still limited network of CNG filling stations [25], it is
not as popular as the LPG.

Stelmasiak et al. [26] presented the potential of utilizing
methanol as an alternative fuel. However its high toxicity
prevents the further study on expanding the supply network
of this fuel, especially in the current legislative situation in
Europe.

Ethanol is another alternative fuel, which can replace
petrol in powering ICEs [5]. Currently, it is used as an
addition to petrol, since its ability to form a homogeneous
mixture. The engine control algorithms provided by OEMs
already take into consideration the addition of ethanol, thus
no conversion kit is needed for ethanol combustion in ICEs.

LPG conversion kits are being manufactured by many
automotive companies. Most of them are based in Europe
and offer conversions of engines powered by petrol, diesel
and those included in a hybrid powertrain.

The development of an LPG conversion kit dedicated to
modern ICEs mostly consists of software modification to
control the LPG dosage by reducing or switching off the
original fuel supply. To keep pace with OEM powertrain
development, the manufacturers of LPG kits need to invest
in engineering resources. One of the means to improve
productivity in software development is to adopt the model-
based design methodology (MBD). This article focuses on
recognizing the potential of adopting MBD in software
development for an LPG conversion kit.
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1.1. Current situation of a passenger vehicle powered
by an ICE
The current development of the automotive industry

struggles with many issues related to economic, ecological,

political, legal, and technical aspects. Some of them are:

— banning new fossil fuel vehicles (planned on 2035 on
leading markets and 2040 globally [5, 17])

— introducing more stringent emission standards, such as
Euro 7 in EU [24]

— weak supply chains affected by events with the global
range, such as the war in Ukraine or COVID-19 pan-
demic

— high engineering costs and long development time of
projects in the automotive industry.

The ever-changing environment around the develop-
ment of the new passenger vehicles enforces changes in the
operation of all automotive companies. It concerns the
OEMs, Tier 1-3 suppliers, and the aftermarket equipment
producers.

Manufacturers of automotive LPG kits enable with their
products the means to convert the powertrains powered
with petrol to use the LPG as a partial or a complete re-
placement fuel. LPG is considered cheaper and more envi-
ronmentally friendly fuel than gasoline [2].

Currently (2022), 36.4% of new cars in the EU are pow-
ered with gasoline [10]. For around a decade, there has
been a visible rising trend of equipping the engines in new
petrol cars with a DI system [19].

The modern LPG conversion kits allow applications on
the new ICEs with sophisticated DI systems. However, the
variety of the combustion systems and features applied in
the currently available DI engines (SPCCI - spark-
controlled compression ignition, VVT — variable valve
timing, SCE — stratified charge engine, etc.) enforces the
individual approach in the development of the LPG fuelling
system for each engine application.

This paper introduces the potential approach of acceler-
ating the development of the software of a modern LPG
system with the deployment of the model-based design.

1.2. Model-based design

Model-based design is an established approach to de-
veloping efficient solutions to complex engineering prob-
lems. In this method, complicated systems can be created
by using mathematical models representing system compo-
nents and their interactions with their surrounding environ-
ment [1]. The modeled phenomena can be simulated by
system engineers and applied in the production software
code by the automatic code generation toolchain. The be-
haviour of the model can be easily validated and verified on
various testing benches (MiL — Model-in-the-Loop, SiL —
Software-in-the-Loop, HiL — Hardware-in-the-Loop).

Embedded software development is a continuously de-
veloping engineering branch. The progress made in the
field of control algorithms include the adoption of modern
applications, such as artificial intelligence (neural networks,
machine, deep, reinforced learning, etc.) [21], digital twins
[13], Internet of Things (10T) [27]. The specific feature of
the MBD is the significant improvement of the software
development efficiency.

The main advantages of MBD are that modelling and
simulation enable engineers to quickly try many ideas
without the need for expensive prototypes, testing and vali-
dation are done early and continuously rather than at the
end of the process so that errors are found and corrected
before hardware testing, and software source code can be
generated from the system models, which reduces effort
and eliminates hand-coding errors [11].

In general, the MBD approach in automotive software
development is applied due to its positive impact on the
development time, which influences the engineering cost
significantly. An example of the implementation of a sys-
tem in the MBD methodology applied in the MATLAB/
Simulink environment is shown in Fig. 2.

Fig. 2. Example of the MBD model in MATLAB/Simulink [15]

The main content in the MBD is the mathematical mod-
el of the system for which the software is being developed.
The literature proves that an LPG system has been success-
fully modelled mathematically [7, 12, 20]. An example of
a top-level model for software architecture for an LPG
system is presented in Fig. 3.

Fig. 3. An example of a top-level architecture model for an LPG system
software

1.3. Novel autogas systems

Although petrol engines are currently considered as the
legacy constructions, with limited focus on development
from the OEMs’ side, they are still the most frequent cho-
sen powertrain type in the new passenger cars in Europe
[10]. Many car owners choose to convert the classical,
petrol powered engines to bi-fuel ones, which can be pow-
ered with LPG. Their decision is made mainly due to lower
fuel costs.

LPG vapor phase injection systems utilize the signals
from the gasoline system controller, where they intercept
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the gasoline injector control signal at the start of the injec-
tion and its duration [23].

Modern Sl engines often utilize DI (direct injection)
systems in combination with advanced features in the mix-
ture formation and combustion processes, such as SPCCI,
VVT, Miller cycle, internal EGR (exhaust gas recircula-
tion), charge stratification, etc. These features are possible
to apply to a high extent, mainly due to the deployment of
DI. However, most ef modern LPG systems still use LPG
vapor injection into the intake manifold. The issues related
to the dependency of the LPG injection on the intake timing
(which direct petrol injection does not meet) are resolved
by influencing the petrol-LPG composition for individual
combustion cycles, depending on the engine operating
range and its power demand. Schematics of the Prins LPG
vapor injection system applied on a DI engine is presented
in Fig. 4.

Fig. 4. Schematics of the LPG vapor injection system applied on a DI
engine [28]: 1 — petrol engine ECU, 2 — ICE equipped with DI, 3 — LPG
injectors, 4 — LPG filter, 5 — LPG evaporator

Controlling both fuel dosages is difficult in terms of
software and hardware. The controller needs to take into
consideration rapidly changing engine operation points,
measurement of original petrol dosages, and adapt to the
current petrol direct injection accordingly. Each OEM ap-
plies different strategies to meet the power demand in vari-
ous engines, whereas the LPG kit manufacturers are fo-
cused on covering the most of the engine applications on
the market. This creates a high demand for engineering
resources, which are costly.

2. Analysis aim and goal

The aim of the analysis is to assess the potential of ap-
plying the MBD methodology for software development of
the modern LPG conversion systems.

The automotive industry knows many success stories re-
lated to the deployment of the MBD approach in develop-
ing the production software code. Toyota claims that the
MBD is a measure to deliver more complex systems with
quality and improved productivity [18]. Stellantis devel-
oped the new generation of its gasoline Engine Control
System using MBD [8]. VW and MathWorks successfully
collaborated to craft an MBD process that is targeted to-
wards reaching compliance with important industry quality
standards [4]. MAN successfully applies the MBD ap-

proach in the embedded software development for more
than 15 years [7].

This valuable experience in the development of the
software controlling the functionality of automotive power-
train systems can possibly be transferred to companies
manufacturing LPG conversion Kits.

The goal of the analysis is to prove the above argument
by analyzing the strengths, weaknesses, opportunities, and
threats of adopting the MBD processes into the embedded
software development for LPG system controllers.

3. SWOT analysis

The SWOT analysis is a simple method that can provide
a realistic interpretation of the strengths and weaknesses of
a business [3]. Mostly, organizations carry out SWOT anal-
ysis at a strategic planning stage, try to identify and exam-
ine the existing resources, both internally and externally,
investigating their trends and patterns that may have either
positive or negative impacts on businesses [16]. The pre-
sented analysis focuses on the aspect of adopting the MBD
in the development process of a modern LPG system soft-
ware.

3.1. Strengths

Rapid development of software: MBD process is highly
efficient compared to the classical embedded software de-
velopment. The addition of model-based systems engineer-
ing to the traditional approach delivers a 55% reduction in
total development cost [14]. Not only does it concern the
LPG kit manufacturers, but all the companies developing
the control algorithms for complex systems.

Advantage over the competition: deployment of MBD is
not a common practice among manufacturers of LPG con-
version kits. Implementing the MBD process can enable
releasing the applications more often than other competitors
on the market.

Potential of the development of the new technology
products: due to its ease of use, MBD can shift the engi-
neering focus on the system development instead of being
put on mundane implementation details. MBD also enables
fast simulation and validation techniques with convenient
integration of the measurement data.

3.2. Weaknesses

High initial cost: implementing MBD can be costly, es-
pecially in the initial phase, when the results are not yet
visible. The costs include framework licenses, consulting,
and support.

Foreseen limited growth in the particular product
range: MBD applied only to the LPG kit development
process is risky in the face of the threats related to the in-
ternal combustion engines mentioned in the introduction.
However, this risk can be mitigated by extending the prod-
uct range, where MBD can also be successfully adopted
(companies like AC or ALEX already extend their product
portfolio with photovoltaic systems).

3.3. Opportunities

Quick expansion on the market: applying MBD to the
engineering process can provide a chance to cover a broad
range of engine applications, not only petrol powered with
DI, but also PFI-DI or diesel.
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Satisfying "here and now" demand: until the complete
removal of internal combustion engines from the streets,
there are decades of their presence. Converting as many
engines as possible to be LPG-powered can be regarded as
environmentally friendly, with the means currently availa-
ble. MBD can be a way of reducing air pollution in the near
future.

3.4. Threats

Changes in legislation: investing in the further devel-
opment of LPG conversion systems can be risky in the face
of the continuous change of the regulations. Even the rules
defining the installation of LPG systems in cars are not free
from the changes (vide new project of changes in R115
homologation proceeded in Poland [22]).

Variability of fuel prices: uncertainty of profitability of
an LPG system installation influences the customers’ deci-
sions. Currently, the fuel prices are not forecastable long
term.

3.5. Interpretation of the SWOT analysis
In the SWOT analysis process it was recognized, that

adopting the MBD methodology to the software develop-

ment process of an LPG conversion system has more
strengths than weaknesses. However, the analysis did not
take into consideration the individual business development
plan of an LPG kit manufacturer. Provided the company
focuses on the further development of its products in order
to cover the most of the ICE applications, adopting the

MBD is a reasonable step to take.

Introducing the MBD is not free from risks. However,
they can be mitigated in the following ways:

— high initial cost can be reduced by applying for external
funding (e.g. from the EU) or hire external freelancers
or consultants

— limited growth in the LPG conversion kit’s market is
inevitable, regardless of the adoption of MBD. Howev-
er, if a company adopts the MBD for the currently of-

fered product range (LPG kits), the methodology can be
easily applied to other technology products offered in
the future.

Table 1. SWOT analysis of the potential of adopting the MBD methodolo-
gy in the software of LPG powering system

Strengths Weaknesses

1) Rapid development of software | 1) High initial cost

2) Advantage over the competi- 2) Foreseen limited growth in the
tion particular product range

3) Potential of the development of
new technology products

Opportunities

1) Quick expansion on the market

2) Satisfying "here and now"
demand

Threats
1) Changes in legislation
2) Variability of fuel prices

Despite the potential drawbacks of adopting the MBD,
it is cannot be forgotten that this methodology is a modern
process to develop software for automotive applications,
and its advantages outweigh the threats. The detailed calcu-
lation of the profitability of introducing MBD cannot be
performed within this article due to the individual situation
of each company.

4. Conclusion

Adopting the MBD methodology in the development
process of the embedded software used to control a modern
LPG conversion system can be advantageous for the com-
pany, which would decide to do so. The biggest strength of
this method is its potential for cost savings. The decision to
introduce MBD in the company is not free from risks,
which-were described in the SWOT analysis.

The decision to adopt the MBD process in the develop-
ment of the software to control the LPG system is to be
made individually by a company, however in the face of an
ever-changing situation with ICEs, it can be a decent start-
ing point to modernize the development process for future
products.

Nomenclature

CNG  compressed natural gas
DI direct injection

ECU electronic control unit
EGR  exhaust gas recirculation
EU European Union

MBD  model-based design

MiL Model-in-the-Loop

OEM original equipment manufacturer
PHEV plug-in hybrid electric vehicle
SCE  stratified charge engine

HEV  hybrid electric vehicle SiL Software-in-the-Loop

HiL Hardware-in-the-Loop Sl spark ignition

ICE internal combustion engine SPCCI spark-controlled compression ignition

loT Internet of things SWOT strengths, weaknesses, opportunities, threats
LPG liquified petroleum gas VVT variable valve timing
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The article introduces and discusses the sensors used in autonomous cars. The reliability of these devices is
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current state of knowledge and suggestions for future developments.
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1. Introduction

Technologies related to autonomous cars are currently
being widely developed. Selected autonomous driving
systems are increasingly appearing in new cars. The aim of
using these technologies, is primarily to improve road safe-
ty and assist the driver. The overall name for this system is
used ADAS (Advanced Driving Assist Systems). System
ADAS consist of elements:

— partly autonomous driving:

— lane keep assist

— lane change assistant

— active cruise control

— emergency braking

— traffic sign reading (and automatic vehicle speed correc-
tion)

— driver fatigue assessment

— automatic parking

— cross traffic warning, etc.

There are six levels of autonomy according to the wide-
ly accepted classification developed by the SAE (Society of
Automotive Engineers). The highest, fifth level, assumes
that autonomous driving takes place without driver in-
volvement, regardless of weather conditions [31]. Some of
the cars can be classified as, being on the borderline of
levels 3 and 4. This means that in favourable weather and
road conditions, the car takes complete control of the steer-
ing, leaving the driver as an observer. Before bringing in
vehicles on level 5, it is necessary to solve a number of
technical problems, taking into account both the structure of
the vehicle itself and its mobility[26].

2. Sensors used in autonomous cars

2.1. Sensor characteristics

When an autonomous car moves, it uses data from sen-
sors installed in the vehicle. The simplest division of sen-
sors can be made them as internal and external. Internal
sensors provide information on the state of the vehicle.
These include among others: speed sensor, accelerometer or
gyroscope. These sensors are not affected by adverse
weather conditions.

External sensors are responsible for analysing the envi-
ronment. Nearby objects are analysed by sonar, those at
medium distances by lidar and cameras, and by radar those
objects that are far away. In addition, data obtained from
the car's communication with the environment (V to X) are
used. The external sensors may be strongly affected by
adverse weather conditions.

A prerequisite for safe driving of an autonomous car is
the acquisition of reliable data regardless of the traffic and
weather situation. Based on the information from the sen-
sors, the car driving system: creates a map of the environ-
ment, identifies and classifies objects, and finally creates
a complete parametric model to determine the trajectory of
movement [3, 27, 36]. These tasks include detection and
tracking of moving objects, hereinafter referred to as
DATMO and simultaneous localization and positioning on
the map (mapping) referred as SLAM. The basic character-
istics of the sensors used in autonomous cars are shown in
Table 1.

Table 1. Basic characteristics of sensors used in autonomous cars

Tasks Range Weather
vulnerability
Radar DATMO medium minor
and long
Sonar DATMO short minor
Lidar SLAM, short significant
DATMO and medium
Cameras SLAM, short critical
DATMO
Internal SLAM n/a minor
Sensors

Radar is an acronym for Radio Detecting and Ranging.
It is one of the most commonly used sensors among road-
approved vehicles. It is relatively inexpensive, easy to im-
plement in a vehicle, and weather-resistant. It performs well
in measuring distances over both short and long distances.
It enables quick determination of the speed of an object.
The biggest disadvantage of radar is its low accuracy in
determining the shape of objects, which greatly limits its
usefulness in object identification and classification tasks.
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Sonar is a specific type of radar used for object detection
at very short distances, e.g. during a parking manoeuvre or
driving in heavy traffic. Experiments are being conducted on
its use in lane change warning or pedestrian detection sys-
tems [22]. The biggest disadvantage of sonar is its short
range — usually below 5 meters. In addition, it can be suscep-
tible to interference from other objects generating sounds
such as the noise of the wheels or of a passing train [34].

Lidar is an acronym for Light Detection and Ranging. It
is a remote sensing technology that creates a three-
dimensional image of the environment by illuminating
objects with a laser beam and analysing the energy of the
reflected beam. In the automotive industry, pulsed lidar is
most commonly used. The device consists of a transmitter,
a mirror and a receiver. The laser beam, upon encountering
an object in space, is reflected from its surface and returns
to the light-sensitive diode. The time from emission to
reception and the reflection intensity indicator allow the
position of a given point in space to be determined. Each
point is defined by four parameters: x,y,z coordinates, and
the reflection intensity index [10]. Lidar has a wide range of
applications in autonomous driving systems, as it is used
both as a tool to identify and track objects and to detect
environmental features (e.g. kerbs) [6, 13, 29]. It is consid-
ered to be one of the most important sensors used in auton-
omous cars and is also used in currently new road-approved
vehicles (e.g. Mercedes-Benz EQS 2022). Lidar prices are
decreasing year on year and the technology is being devel-
oped intensively. The disadvantage of lidar is that the in-
formation obtained does not allow the exact nature of the
object to be determined, e.g. lidar does not provide colour
information. The problem worsens as the distance from the
object increases. Lidar is susceptible to interference from
adverse weather conditions.

Camera as well as camera systems (stereovision) are
commonly used in autonomous vehicles. Cameras have
a very wide range of applications, being effective in detect-
ing road signs and signals. It is used to locate the vehicle in
its surroundings, because it allows you to detect the edges
of individual objects and their colours. Cameras are a good
source of data for object identification systems, as the video
image is detailed and easy to analyse. The biggest disad-
vantages include: susceptibility to processing errors, low
resolution at longer distances and, above all, high suscepti-
bility to adverse weather and light conditions.

2.2. Impact of adverse weather conditions on the

performance of sensors used in autonomous cars

It is believed that it is currently impossible to build an
autonomous vehicle that can navigate in all conditions
(SAE level 5), because weather conditions affect the data
received from sensors of such a vehicle too much [2, 24,
25, 33, 38]. A single drop of water on a camera lens can
scatter light blurring the camera’s field of view. Most algo-
rithms used in vision systems based on cameras, assume
that light intensity is proportional to the brightness of the
scene. However, dynamically changing weather conditions
introduce sharp fluctuations in light intensity that reduce
picture quality. Raindrops in the air reduce the intensity of
the image and blur the edges of analysed objects [40]. An
experiment conducted by Ferreira and Martins [12] showed

that when performing the task of detecting a vehicle in the
rain, the quality of the image obtained from the camera
deteriorates due to poor colour gradient saturation which, at
a later stage of image processing, results in problems in
creating the envelope of the detected vehicle — the algo-
rithm has a problem when restricting the images field in
which the vehicle is visible [12]. Based on experimental
studies in rain conditions, a decrease in object detection
quality of 20 to 65% was reported. Another experiment
showed a decrease in detection performance of up to 65%
during rain-fall and up to 45% during thunderstorms (re-
sults obtained with clear skies were taken as 100%) [41].
Fog, although less frequent than rain, is very disruptive to
camera operation. First of all, it causes the effective range
of vision of the camera to shrink considerably, so that de-
tection of the rear lights of the vehicle ahead or the edge of
the road becomes very difficult. The same problems can be
applied to snowfall, relatively they are much more frequent.
The snowfall conditions are a serious problem, because
even if the autonomous car uses additional localization
methods (e.g. GPS), snow accumulation can lead to serious
localization errors [38].

Radar shows little susceptibility to bad weather condi-
tions. Part of the radio wave can be absorbed by water
droplets in the air (attenuation effect), the wave can also be
depolarized or scattered by rain [12]. The most disruptive
effect on radar operation is the occurrence of backscatter-
ing. This effect occurs because the size of the water droplet
is comparable to the radio (millimetre) wavelength. The
attenuation effect reduces the received power of the signals
and the backscattering effect increases interference to the
receiver [38]. Rain also causes a decrease in the effective
radar range. For 50 mm/h intensity of rain, the range de-
creases by 11%, and a more significant reduction in range is
caused by 150 mm/h rain [39]. At the same time, it should
be remembered that rainfall of 150 mm/h is already a true
tropical typhoon. In rainy conditions, the smaller the object
is, the faster the distance from which it can be detected
decreases. This is particularly important for pedestrian
detection [35]. Studies show that for obstacles at ranges of
up to 25 m, even dense fog has a negligible effect on radar
performance. However, in the case of heavy snowfall, the
effective radar range decreases up to 25% [19].

Rain poses a threat to lidar on many levels [37]. It can
lead to a number of adverse effects such as: deterioration of
reflectivity, decrease in effective range, and distortion of
the shape of the identified object [41]. The more intense the
rain, the more these effects increase — rain intensity of 15
mm/h does not cause significant interference, but already
intensive rain of 30 mm/h reduces the effective range of
lidar operation by 50% [16].

In the authors' own research, it was found that during
heavy rainfall, when measuring at a distance of 10 meters,
the quality of detection drops by several percent. The shape
and size of the droplets are also important as larger droplets
distort the laser beam more [39]. On the other hand, a de-
creasing number of generated points on the picture, not
only results in a decreasing range but also reduces the
amount of data available for analysis [4]. In addition,
splashes from other vehicles can result in the detection of
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falsely existing points and consequently the generation of
phantom (unreal) objects [29]. This effect leads to an en-
largement of the real object by non-existent points which
affects the detection process. This is because the falsely
curvature of the shape of analysed object, can result in
a poor match of the object class. Points of phantom objects
(unreal) generally have a low reflection intensity index,
however, as a result of precipitation, the intensity of points
resulting from reflection from real objects also decreases.
According to a study by Hesper Riviere et al. [18], for the
emitted by lidar wavelengths of 905 nanometres (95% of
the devices currently use this wavelengths), fog is more
challenging to analyse than rain. This is due to the scatter-
ing of light by the fog particles. At the same time, the dens-
er the fog, the more problems the sensor has in providing
reliable information. Tests in the chamber show that target
detection at a distance of 10.5 m in 10 m visibility is impos-
sible for most lidars [19]. Where visibility is understood as
a parameter subjectively assessed. Similar conclusions were
obtained by conducting the Authors’ own studies on the
effects of fog on lidar performance. Similar effects to fog
are also caused by dust — especially PM10 particles [4].

3. Studies on the effects of atmospheric conditions

on lidar

As part of the in-house research, a series of experiments
were conducted to determine the susceptibility of the lidar
to adverse weather conditions. For this purpose, special test
rigs were built, consisting of the Livox Horizon lidar and
reflective targets — road signs of different diameters. The
basic parameters of the equipment used are shown in Table 2.

Table 2. Basic parameters of Lidar Livox Horizon

Wavelength 905 nm
Maximum range 260 m @ 80% reflectivity
Point of View 81.7° verticallyx 25.1° horizontally

Beam divergence
Number of points
generated

0.28° vertically % 0.03° horizontally
240,000 points/s (first or strongest reflected
signal) 480,000 points/s (both signals)

As part of the research carried out, an attempt was made
to establish the effect of rainfall on lidar performance. The
study was an extension of earlier tests conducted by authors
[7]. The work was divided into two stages. Firstly, the inter-
ference that rain causes when identifying objects was
measured, and then the phenomenon of unreal points —
resulting from the reflection of the laser beam from water
droplets in the air — was investigated. To perform the tests,
a special test rig — a rain gauge — was constructed. A major
problem was to ensure, by all time, high water pressure in
the system, which was achieved by using an 850 W pump
and a hydrophore tank. Uniform and controllable water
distribution was achieved by using '4" diameter pipes.
A section of the point cloud image generated by the lidar
during the high intensity rain impact study (> 25 mm/h)
was shown in Fig. 1.

The blue points visible in the figure are the result of the
laser beam reflecting off water droplets floating in the air.
These points are blue in colour because the reflection inten-
sity factor of water drops is low. The traffic sign shield
visible in the centre, made of reflective material, is bright

red. In spite of this, even on the background of the sign,
blue dots appear which directly indicates that the number of
dots generated for the sign face has been reduced caused by
the beam reflection from the water droplets. Studies have
shown a decrease in overall object detection quality and
blurring contours as a result of rain-induced interference.
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Fig. 1. A section of a point cloud generated by lidar during a study of the
impact of high-intensity rain

As part of the second part of the study, the effects on the
point cloud generated by the lidar were investigated which
has been created by a splash of water is observed behind
a vehicle travelling on wet pavement. An existing test rig
was modified to capture by lidar the water cloud formed
behind one of the rear wheels of the vehicle. A driving
speed of approximately 36 km/h was simulated. In the tests,
the movement of the air masses surrounding the vehicle
(using a blower) were assumed too. Figure 2 shows a sec-
tion of the point cloud generated by the lidar.

Fig. 2. A section of the point cloud generated by the lidar during the
investigation of the water splash by the wheel

The cloud of blue points visible behind the vehicle is the
result of the laser beam reflecting off the water droplets.
This cloud significantly obscures objects behind it.

The study of the effect of fog on lidar performance, was
carried out on a test stand located inside a building. Some
limitation for the tests was the small size of the room; how-
ever, even under such specific conditions, it was possible to
observe the effect of fog on sensor performance. Targets
with high reflection index were positioned at a distance of
6 m from the sensor, and reference posts allowed the level
of visibility to be determined. The view of the targets which
was beam-illuminated of the lidar is shown in Fig. 3.

As part of the tests carried out, visibility was progres-
sively reduced, to the point of complete absence, by fog. As
the opacity was gradually increased (for this purpose, steam
from heating the water-glycol mixture was sprayed), a de-
crease in the visibility level of observed objects. The reflec-
tivity index has been measured. The maximum achievable
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reflectivity index was 255, and the lowest was 10. The
differences in the measured index value, for the different
levels of visibility (smoke), are shown in Fig. 4.

Fig. 3. Test stand for measuring the effects of fog on lidar performance
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Fig. 4. Dependence of reflectivity on visibility level

Reflection index readings were taken at irregular inter-
vals as it proved very difficult to obtain a specific level of
visibility under the conditions of the actual experiment.
Maintaining an evenly distributed artificial fog on a test rig
is a challenge in itself.

The study showed that the decrease in reflectivity as
a function of distance is nonlinear. However, it can be as-
sumed that the greater the opacity, the steeper the drop in
the reflectivity value. During the almost completely smoke-
filled room (visibility less than 1 m), the lidar could still see
the target, although the reflectivity index of them has
dropped to a level of 10.

When investigating the effect of snowfall on lidar per-
formance, it was decided to use naturally occurring atmos-
pheric conditions, the falling snow had an intensity of about
5 mm/h with visibility below 800 meters. Such conditions,
are considered high intensity precipitation [9]. A series of
experiments were conducted with targets placed at different
distances from the lidar (5, 10, 15 m). As the distance in-
creased, an increase in snow-induced interference was ob-
served. The effect caused by snow is very similar to that
genera