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Abstract: Alternative fuels appeared soon after the first internal combustion engines were designed.
The history of alternative fuels is basically as long as the history of the automotive industry. Initially,
fuels whose physicochemical properties allowed for a change in parameters of the combustion
process in order to achieve greater efficiency and reliability were searched for. Nowadays, there are
significantly more variables; in addition to the above mentioned parameters, alternative fuels are
being sought that will ensure environmental protection during vehicle operation and improve the
ergonomics of use. This article outlines the results of the authors” own comparative tests of vibrations
of a vibroacoustic character. Based on a popular engine model, the vibration-acoustic responses of a
system powered by two types of fuel, namely, diesel and biodiesel (B10), are compared. The research
consists of comparing vibrations in both time and frequency domains. In the case of the time domain,
the evaluation was performed with vibrations as a function of engine torque and speed. In the case
of frequency analysis, the focus was on changes in the frequency response for the tested fuels. The
research shows that the profile of vibroacoustic vibrations changes in the case of biodiesel power
supply in relation to standard fuel. The vibration profile changes significantly as a function of speed
and only slightly in relation to the engine load. The results presented in this article show different
vibroacoustic responses of an engine powered by diesel and biodiesel; the change is minor for lower
speeds but significant (other harmonics are dominant) for higher speeds (changes in the dominant
harmonic magnitude of up to 10% at a crankshaft speed of 3000 rpm).

Keywords: alternative fuels; vibrations; engine; vibroacoustic

1. Introduction

The search for alternative drives for machines and vehicles arises from the need to
protect human health and the environment. This need is additionally reinforced by predic-
tions of depletion of crude oil deposits, which is the chemical base for fuels that are used
for popular propulsion sources, such as internal combustion engines [1-3]. Research in this
area follows two parallel paths. The first one related to engine construction improvement
considering alternative fuels. The second assumes a partial or complete transition from
internal combustion drive to hybrids or electric drive.

This paper is in line with the research work on alternative fuels, emphasizing the
effects of their use by evaluating engine vibrations. The studies in this scope are connected
with the research on the ergonomics of combustion engine exploitation carried out in the
Department of Automotive Engineering of Wroctaw University of Technology [4,5].

The aspect of ergonomics is an increasingly emphasized indicator for the user in
the sustainable development of means of transport. The user, regardless of whether in
their workplace or for private, individual use, wants comfort of use, which is expressed,
among others, by the evaluation of vibrations [6-8]. In both cases, there are very clear
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legal regulations. Therefore, it is impossible not to test the vibrations of the machine
or the vehicle, and especially the engine, which makes up the basic component of the
drive system [9,10]. Engine vibrations are natural because they result mainly from the
cyclic nature of the combustion process. This issue has been addressed by researchers,
and results are presented in many papers. For example, in [11], an attempt was made
to identify the relationship between engine block vibrations and heat exchange. On the
other hand, in works [12,13], the thermodynamic evaluation of combustion processes was
made in relation to vibroacoustic signals. The description of the combustion process in a
diesel engine in the context of vibration acceleration signals of the engine block was made
in [14], and in [15], the general conditions of conducting an experiment with the use of the
vibroacoustic technique to examine the characteristics of engine operation were described.

A significant amount of research comprises evaluation of the influence of construction,
technology, and materials (from which crank-and-piston systems, timing systems, power
supply systems, cooling systems, etc. are made) on engine vibrations or in this context,
evaluation of engine construction and operation accuracy. Within this scope, in a number
of papers in the literature, e.g., [16,17], a wide spectrum of vibroacoustic diagnostics is
indicated in relation to the combustion engine as a complex construction—functional system.
In [18], the authors conducted studies on structural changes in the timing system, resulting
in changes in valve lash, and determined the relationship between that lash and engine
vibrations. Paper [19] focuses on engine vibrations resulting from manufacturing and
piston operation errors. The issues of wear and tear and durability of engine parts in the
early stages of damage development are addressed in paper [20], where the relationship
between wear and tear and engine vibrations is identified.

Vibrations affecting a person may be harmful, since if the ability to dampen vibrations
in the human body is insufficient, mechanical damage (injuries) may occur. Psychological
effects represent another type of hazard and are equally undesirable for human health
and life. For this reason, vibrations are the subject of many studies that fit into the field of
ergonomics, inter alia by adjusting the means of work and environmental conditions to the
physical and mental capabilities of a person. In this regard, there is a strong connection
with efficiency of work or leisure [21].

Both factors, i.e., human health and ergonomic efficiency of operation, are key factors
in works focusing on environmental protection and efficiency improvement of internal
combustion engines by using alternative fuels [22,23]. We view alternative fuel as any type
of unconventional substance whose properties make it suitable to be used as a substitute
for standard, commonly used fuel [24-26]. The progress in research in this area is so great
that something that was an alternative fuel only 20 years ago today is already standard,
for example, compressed natural gas. There are also fuels that have been widespread for
years in particular regions of the world, while in others, they are only becoming fuel and
are treated as alternatives, e.g., alcohols. Biofuels of the third generation, obtained from
algae (especially algae) and microorganisms, are very promising forms of fuel alternative-
ness [27,28]. It is impossible not to mention in this discussion the fuels obtained according
to Fisher-Tropsch technology [29-31].

A brand new chemical composition, as well as a mixture of standard fuel with an
additive meeting the requirement of alternatives, can serve as alternative fuel. Alternative
fuel additives have become a key subject of research in relation to diesel engines, which
is the result of the origin of additives from cultivated plants and their application in
agricultural machines, where the source of drive is primarily diesel engines. The positive
results of these studies have led to the extension of alternative fuel application to road
freight transport and then to all types of machines and vehicles—including passenger cars.
Today, fuels that are mixtures of diesel and fatty acid methyl esters of plant origin are
commonly used. Among the various relevant crops, rapeseed is most commonly used, but
the additive can be made from sunflower oil, corn, jatropha, or palm oil. The complete or
partial replacement of crude oil by cultivated plants provides an alternative and guarantees
a positive environmental impact.
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The combination of research on alternative fuels and vibrations of engines powered by
them is widely described in the literature. Many of those studies are aimed at characterizing
the effects of different fuels on engine structure, including vibrations. For example, [32]
deals with rapeseed oil methyl ester. In another paper [33], the compounds of sunflower
and canola oils were explored. Engines powered by standard fuel and mixtures of stan-
dard fuel and fuel obtained from coal according to Fisher-Tropsch technology are tested
in [34]. This paper demonstrates the full operational suitability of the tested blends. A
broad analysis of various fuels in terms of their influence on engine vibrations is carried
out in [35-37], whereas various techniques of vibration measurement, depending on the
properties of biofuels, are the focus of works [38-40]. The study [41] narrows down the
area of diagnostic research on the influence of biofuels on cylinder liners, and [42] discusses
the issue of vibration testing of the entire engine block powered by alternative fuel.

The papers of the authors of this publication are of similar contents to those of the
above-mentioned studies. The obtained results provide insight into vibroacoustic perfor-
mance indicators of a diesel engine powered by standard fuel and biofuel.

The authors examined the vibrations of a combustion engine powered by standard
diesel fuel and biofuel, commercially available as B10, i.e., with 10% addition of rapeseed
methyl ester. The engine operated under different load conditions and speeds, and the
vibration acceleration was evaluated in terms of time and frequency. During the research,
the focus was only on the maximum permissible amount of biocomponents (in the EU),
amounting to 10% (the most commonly used values range from 5 to 7%).

2. Materials and Methods

The aim of this work was to determine the influence of the biofuel (fuel mixture) on
engine vibrations. The vibrations have a direct influence on machine gradation [15,20,22,35]
and ergonomics [6]. The research was carried out on a laboratory stand on a modern diesel
engine powered with fuel, with a 10% addition of bio fuel and standard fuel as a reference
point for discussion of the results. The engine vibrations on both power modes were
measured by means of a measuring track with an acceleration sensor, signal transfer
elements, and dedicated proprietary software. The methods of engine vibroacoustic
testing are based on two methods: accelerometry [43,44] and laser vibrometry [17]. The
vibroacoustic signal analysis has, to date, been based mainly on the Fourier transform (as
in this article), but also on other transforms, such as wavelet transform (to date, used in
non-stationary signal analysis) [12].

The test subject was a MultiJet Fiat 1.3 JTD (Jet Turbo Diesel) diesel engine featuring
common-rail-type direct injection. This engine was selected for research not only due to the
fact that it is produced exclusively in Poland but also due to its popularity in automotive
applications of FCA group (Fiat Chrysler Automobiles), which includes brands such as Fiat,
Lancia, Alfa Romeo, and Chrysler. It is also used in Opel and Suzuki vehicles. Moreover,
in 2005, this engine won the Engine of the Year title in the category of engines with a
displacement from 1.0 to 1.4 dm?. Furthermore, in the following years, it served as a basis
for the structural transformation that resulted in the engines MultiAir 1.4 dm? and TwinAir
0.875 dm?>, which proved to be successful in a subsequent international competition in
2010-2011. The technical specification of the tested engine model is presented in Table 1.

Throughout the tests, the engine was placed on a test stand equipped with a Schenck
W150 electrowired brake, providing a load in full operating range—Figure 1.

The engine was powered by two types of fuel: standard diesel fuel and B10 blend
(10% rapeseed methyl ester, 90% conventional diesel). The selected physicochemical
properties of the fuels used are presented in Table 2. The tests were performed according
to the Worldwide Fuel Charter Sixth Edition Gasoline and Diesel Fuel-2019 [25] and the
resulting standards, including the standard defining FAME ester content in fuel PN-EN
14103:2020-06 [26].
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Table 1. The technical specification of the tested MultiJet 1.3 JTD (Jet Turbo Diesel) engine.

Parameter Quantity
Engine fuel type Diesel
Inline 4

Number of cylinders

Fuel system Common Rail

Turbo + intercooler

Aspiration
Displacement, cc 1248
Compression ratio 18
Timing system DOHC
Number of valves 16
Power, kW 51 ~ 4000 rpm
Torque, Nm 180 ~ 1750 rpm
Euro4

Emission standard

Figure 1. The test stand for the Fiat 1.3 JTD (Jet Turbo Diesel) engine at Wroctaw University of Science

and Technology.
Table 2. Selected physicochemical properties of the tested fuels.
Gross Heating  Density =  Density~ Chemical Composition
Value 15°C 20°C Carbon  Hydrogen Nitrogen Sulfur Oxygen
kJ/kg g/em3 g/em3 % % % % %
Standard fuel 46,193 0.8280 0.8243 86.18 13.64 0.08 0.0004 0.10
Biodiesel B10 45,033 0.8420 0.8384 85.07 13.44 0.09 0.0004 1.40
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For vibration evaluation, a measuring track was used, consisting of a PCB 352C33
single-axis accelerometer (measurement range: + 50 g, sensitivity: 100 mV /g, freq. range:
0.5 to 10 kHz), a NI 9234 data acquisition card (input voltage range: —5 to 5V, 24 bit
analogue-to-digital converter, max. sample rate: 51.2 kS/s, simultaneous sampling), and a
computer with dedicated proprietary software. The accelerometer was mounted on the
engine head, perpendicularly to the ground, on which the engine and dynamometer were
mounted horizontally—Figure 2.

Figure 2. The acceleration sensor’s mounting position on the Fiat 1.3 JTD engine head.

The measurements were made at the Niquista frequency equal to 8.5 kHz [4], which
enabled a proper conversion of the engine vibration signal to the frequency domain so as
to obtain proper diagnostic information [45]. In order to make the measurement results
more reliable, averaging of the individual harmonics was carried out on the basis of the
shift theorem (1) [6,45].

X(m) «— Xy (m)e?*" /N ey

where:

Xj—the signal before the shift;

Xp—the signal after the shift;

j—the imaginary unit;

k—the number of samples by which signal X2 is shifted compared to signal X1;
m—the number of the considered sample;

N—the total number of samples recorded.

The shift theorem is particularly important when it comes to engine vibration analysis,
as it enables tests to be carried out without having to start at the same point, e.g., always
from TDC (Top Dead Center). If the point from which sampling is started is shifted by k
samples from the previous sampling (resulting in an X(m) signal), then the shift after the
transform will result in an X(m) exp (—j27tkm/N) signal. Assuming that the measurement
lasts long enough and its parameters are properly selected, as a result of FFT (Fast Fourier
Transform) transformation, a spectrum characterizing a given state of the tested object will
be obtained.

In the time domain, the occurrence of maximum and minimum vibration values
was investigated. In the frequency domain, after applying the FFT conversion [4,44], the
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difference between averaged periodograms an engine powered by conventional fuel and
biodiesel was compared.

The tests were carried out for the full operational range of the engine, and they are
qualitatively identical. To illustrate them, a representation of data related to the operating
states typical of the tested engine was chosen. These are partial load characteristics at
engine speeds of 1500 and 3000 rpm for the loads of 10, 50 and 100 Nm. The selected values
represent the vehicle loads under operating conditions (they are in the range of 20-80% of
the engine load).

3. Results
3.1. Time Analysis

The time analysis was based on a comparison of the maximum acceleration values in
individual operating states. Figures 3 and 4 show examples of the vibration of the examined
object in the time domain for different cases. Figure 3 shows the comparative periodograms
for two different fuels, and Figure 4 documents the acceleration periodograms for one
load at different engine speeds. The results of the tests, shown in Figure 3, indicate lower
vibration acceleration values of the Fiat 1.3 JTD biofueled engine.

-10 biodiesel B10 |
standard fuel
15 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
Time [s]
(a)
15 T T T T T T T T T
10 1
5 4
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standard fuel
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Time [s]

(b)

Figure 3. Comparison of Fiat 1.3 JTD engine vibration accelerations for 100 Nm load at 1500 rpm with standard fuel (red)

and biodiesel B10 (blue) power; a—0.5 s time interval, b—0.1 s time interval.
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Figure 4. Comparison of the vibration acceleration plots for the Fiat 1.3 JTD biodiesel B10 engine at 50 Nm load and at
different engine speeds: 1500 rpm (blue) and 3000 rpm (red); a—0.5 s time interval, b—0.1 s time interval.

The research results presented in Figure 4 show lower vibration acceleration values of
the Fiat 1.3 JTD biofueled engine when it is run at a lower speed. The acceleration values
distributed over time in both the first case (Figure 3) and the second case (Figure 4) confirm
the assumption made in the methodology of the necessity to evaluate the operation states
of the engine powered by different fuels by evaluating the average values. Hence, Figure 5
provides averaged maximum acceleration values for all tested engine operating states.
Each measurement point was performed three times, and the time of a single measurement
was 6 s.

The analysis of the obtained results allowed us to identify the values of extreme
vibration accelerations for the tested engine (Table 3, items 1 and 2), which is important in
order to determine the range of the tested quantity. An interesting conclusion arises from
averaging the maximum vibration acceleration values for different fuels when the analysis
is carried out regardless of the engine speed and load. In both cases, the value oscillates
at around 14.00 g, making the difference negligible (Table 3, items 8 and 9). A further
conclusion from the data in Table 4 regards the significance of the relationship between
vibration acceleration and engine speed. For higher speeds, the vibration acceleration is
greater. This is the case regardless of the fuel used (Table 3, items 3 and 4) as well as for the
standard fuel (Table 3, items 10 and 11) but also for the biofuel supply (Table 3, items 12 and
13). When assessing the effect of the engine load on vibration acceleration, but regardless
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of the fuel type and speed (Table 3, items 5, 6, and 7), a relationship is obtained, which
indicates that as the torque increases, the vibration acceleration rises. When examining the
influence of the fuel independent of engine speed, it may be observed that the relationship
between the load and vibration is no longer so strong, and by means of maximum values,
it departs from the unambiguity (Table 3. Items 14-19).

25 [ | DIESEL
[ BIODIESEL

20

Average value of max. acceleration [g]

1500/10 1500/50  1500/100  3000/10 3000/50  3000/100

Figure 5. Averaged maximum vibration acceleration values for specific loads (Nm) and speeds (rpm).

Table 3. Matrix of averaged maximum vibration acceleration values.

Average Value of

Engine Speed  Engine Torque Maximum Accelerations

No. Fuel Type
rpm Nm g

L Regardless Regardless Regardless 7:22-min
2. 24.00-max
3 Regardless 1500 Regardless 10.7
4. 3000 18.04
5. 10 9.85

6. Regardless Regardless 50 15.46

7. 100 17.30
8 Standard Regardless Regardless 14.32
9. Biofuel 14.08
10. Standard & Regardless 1045
11. 3000 18.19
12 Biofuel & Regardless 10.28
13. 3000 17.88
14. 10 9.55
15. Standard Regardless 50 1472
16. 100 18.69
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Table 3. Cont.

Average Value of

Engine Speed  Engine Torque Maximum Accelerations

No. Fuel Type

rpm Nm g
17. 10 10.14
18. Biofuel Regardless 50 16.21
19. 100 15.90

Table 4. Relative changes in the average values of the selected engine performance indicators for the
load characteristics.

Relative Change for

Engine Performance Biofuel Related to Marking Error Comments Concerning
Indicator Standard Fuel the Differences
% %
Engine Power -0.13 5 Irrelevant
Relevant
- (the specific fuel
csoiescliif ftlil (i\ -1.31 1 consumption of an engine
p running on biofuel is
lower)
Engine-useful . .Relevant .
officienc +3.88 2 (the efficiency of the biofuel
Y engine is higher)
Carbon monoxide +0.87 1 Irrelevant
Relevant
Nitrogen oxides +19.23 1 (the NOx 0 nt.ent. qf the
exhaust gas is significantly
higher for biofuel)

The collected results and the conclusions drawn by their evaluation are crucial due to
their association with potential effects on the human body. These data may also be useful
during subsequent upgrades of the tested drive unit.

3.2. Frequncy Analysis

The frequency analysis consisted of determining periodograms for individual states
using a fast Fourier transform. Three measurement series were made for each state,
and then the values of individual harmonics were averaged (Figure 6). In the next step,
comparative characteristics were performed, in which the difference (delta a) of discrete
harmonic values of the vibroacoustic signal coming from a diesel- and biodiesel-fueled
object was included (which means that the flattened characteristics indicate very small
changes in the vibroacoustic response for both fuels). Figure 7 shows the comparative
characteristics of the tested operating states of the Fiat 1.3 JTD engine.
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Figure 6. Comparison of the vibration accelerations in frequency domain for the Fiat 1.3 JTD at different engine loads and

speeds with standard fuel (blue) and biodiesel B10 (red) power.
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Both the time analysis and frequency analysis indicate a strong dependence of vibra-
tions and engine speed of the tested object on the fuel used. For the alternative fuel B10, the
values of natural vibration acceleration together with the harmonics of the vibroacoustic
signal are lower than those for the standard fuel. By analyzing previous research conducted
by the authors of this paper [4,5] as well as other studies [11-14,32], the proven relationship
is a result of the differences in the course of combustion processes for fuels with different
carbon and hydrogen contents, but most of all, a highly significant difference in oxygen
content—see Table 2. The data in Table 4, showing the relative changes in the selected
engine performance indicators, provide supplementary data concerning fuel properties
(Table 2), which may explain the differences in vibrations of the object powered by both
standard fuel and biofuel and indicate a pro-ecological effect.

The emission measurements (Table 4) were made using the exhaust flow meter by
AVL (model AVL M.O.V.E EFM). The device allows one to measure carbon monoxide with
a display resolution of 1 ppm (accuracy 0-1499 ppm =+ 30 ppm abs.) and nitrogen oxides
with a display resolution of 0.1 ppm (accuracy £ 0.2% of full scale). The higher oxygen
content of the biofuel accelerates combustion causes fewer carbon and hydrogen molecules
to be surrounded by oxygen, thus making combustion fuller and more complete. A higher
temperature and accompanying pressure, despite the lower calorific value of biofuel, result
in a detonative shockwave due to auto-ignition. However, some of this fuel burns by
deflagration when the chemical reaction is slower, and this is due to the higher density,
which affects the droplet size. The acceleration of the combustion process combined with
the shortening of the shock wavelength results in a reduction of engine vibrations, as
shown in the time and frequency analyses. This is reflected in the changes in performance
indicators, as shown in Table 4—lower specific fuel consumption and higher values of
nitrogen oxides in the exhaust gases. The latter is not beneficial to human health and the
environment, but knowing the essence of the changes, these values can be significantly
reduced, e.g., by increasing the injection pressure and/or employing catalytic selective
reduction systems.

4. Conclusions

The present paper contributes to a broad scientific research discussion on the appli-
cation of biocomponents and their impact on drive unit operation. The paper compares
vibroacoustic response of a system powered by two types of fuel: standard diesel and
biodiesel with 10% addition of rapeseed methyl ester (B10). Biofuel is a commercial fuel;
therefore, in addition to the scientific aspect, the study refers to the universality of use and
utilitarianism of the conclusions made. The research involves comparing the vibrations in
the in the domain of time as well as of frequency.

The time analysis indicates the difference in vibration amplitudes for individual loads.
It can be observed that there is a higher vibration amplitude in the standard-powered
engine at a higher engine speed (8% for 3000 rpm /50 Nm and 9% for 3000 rpm /100 Nm).
With lower load values, no significant changes indicating occurrence of a particular trend
can be observed.

The frequency analysis results in a vibration profile change when operating on
biodiesel and diesel. The change is minor for lower speeds but significant (other har-
monics are dominant) for higher speeds.

In conclusion, it should be stated that the profile of vibroacoustic vibrations changes
when operating on biodiesel and diesel. The fact that the vibration profile changes with
speed when there is no or little correlation with the load is particularly notable. In practical
terms, the results obtained show an ergonomic advantage of biofuels over standard fuel,
manifested by a more favorable reduction of vibrations in different areas of the engine’s
full operational range. This may result in a transformation (tuning) of the universal engine
characteristics, providing the user with vibroacoustic (ergonomic) comfort.

It is reasonable to infer that with the use of the latest artificial intelligence tools
developed in recent years, it would be possible to employ engine vibration signals to
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precisely determine the type of fuel currently used. It is not difficult to imagine the
huge potential that the proposed system would offer—from automatic adjustment of
engine operation maps in terms of minimizing harmful emissions and, at the same time,
maximizing the efficiency and durability of the engine, to the possibility of intelligent
adaptation of motor vehicles to new, more ecological generations of biodiesel and quick
identification of irregularities in the composition of the applied fuel, making it possible to
prevent permanent engine damage or harmful emissions. Therefore, further research in the
field of this study is planned in order to generate a sufficient amount of learning data and
to attempt the development of the discussed identification system.
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