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Abstract. The paper describes the impact of a marine engine operation on selected vibroacoustic
quantity estimators and their characteristics made in different signal domains. The authors focused
on the assessment of the combustion process diagnostic for the engine operating characteristics to
obtain information on its functional relations and its nature determined by changes in the main
structural and operational point measures, in a powertrain of a non-road means of sea transport.
In the empirical research, the vibration, acoustic signal generation and its propagation have been
selected to obtain quantitative measures of an engine diagnostic assessment. The authors have
confirmed that the considered vibroacoustic estimators and their specified characteristics can be
useful for a continuous engine assessment in a vehicle during its normal operation, which gives
additional tools to perform more accurate diagnostics under real stationary and non-stationary
operating conditions. Furthermore, it makes it possible to identify malfunctions in regular
operation of the means of transport, which can be also helpful in the identification of their sources.
All such factors and the obtained analyses are in strict correlation with the present and future
requirements of the international and domestic regulations for means of transport fitted with
combustion engines.

Keywords: vibroacoustic diagnosis, sea transport, environmental impact, HD-D engines
combustion process analysis.

Nomenclature

n Overall efficiency

fi Frequency

Je Specific fuel consumption
G Fuel consumption rate

e
IMO  International maritime organization
ISO International organization for standardization

Ly Sound intensity level

Ly Sound power level

L, Sound pressure level

M, Torque

n Engine speed

N, Effective power

Ny, Brake horse power

Pe Cylinder pressure

1 Mean indicated pressure
Wy, Mean value

Wy Root mean square (RMS)
W, Peak value

Wi Peak-to-peak value
Wspr  Shape coefficient
Wsps  Peak coefficient
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Wspi  Impulse coefficient
Wsp  Clearance coefficient

K Kurtosis
P, Kurtosis square root

1. Introduction

In the authors’ previous scientific research [1] concerning environmental impact of water
means of transport, they have confirmed the usefulness of the parameters of exhaust emission
components and selected acoustic estimators in precise assessment of the impact of a marine
engine on the environment and functional relations between transport vessel operating conditions
and the amount of exhaust gas and acoustic energy generated in normal operation under stationary
and non-stationary conditions. Undeniably, the process of marine engine operation in ships and
other types of their applications (if one sees the changing trends in this mode of transport) points
at an increasing need to take into account its negative influence on the environment. Heavy-duty
diesel engines are popular in sea transport applications, which determines the features of such
thermodynamic systems under real operating conditions. The above scientific problem was
considered in [1], matching the exhaust and acoustic emissions to obtain valuable tools for the
assessment of the engine technical condition and accurate identification of malfunctions. In the
above work, the authors analyzed whether it was possible to identify the main process changes in
the vibration acceleration signal and to quantitatively state the amount of energy emitted in each
of the processes. Acoustic signal parameters can be valuable for general function relation
evaluations and may give necessary information on the course of the process and its energy
propagation. The awareness of the environmental impact of marine engines operation and the
knowledge of the features of vibroacoustic signal gave way to an in-depth research in this
scientific field. Diagnosing of combustion engines in real or close-to-real operating conditions is
the best way to obtain valuable data for the evaluation process and to increase the overall
efficiency of short and long term processes. Engine operating conditions (allowing for time and
intensity as well as quality of the processes) are impactful on the engine characteristics. Long term
monitoring of the engine operation and its main processes is crucial for the existing and future sea
transport. In the case of noise phenomena, the recognition of all undesirable, unpleasant,
troublesome and detrimental mechanical vibrations of a spring medium transferred through air
and affecting human body (including ears) is one of the main purposes. The considered acoustic
signal perception falls in the range of 16 Hz to 20 kHz and the sound volume is proportional to
the logarithm of the sound pressure (L, ), based on which the sound intensity (L;) and power level
(Ly) are determined, defined by equations described in [1]. There is more than one sound source
in complex systems. Knowing the sound levels for each of the sources, the total noise Ly and (for
known frequency for a specified band) the total noise L, with the correction A can be calculated
[1]. The analysis of causes and effects of the vibrations and acoustic energy propagation in marine
vessels leads to external as well as internal sources of such processes [1, 2]. The first of them
concerns environmental impacts and the second is mainly connected with the engine operation as
a source of energy, transfer and conversion. Given the importance of the main short-term processes
taking place in combustion engines of marine vessels, the authors prepared and conducted proper
studies on this scientific problem. The mechanical, gas-dynamic, aerodynamic and hydrodynamic
sources of vibration and acoustic processes are commonplace in combustion engines, the injection
and combustion related ones being the most important, hence selected for studies.

The authors’ original proposal includes an assessment of one of the main engine operational
processes, i.e. the process of mixture formation (quality and parameters of the injection and
combustion) with a view to obtaining the best efficiency in energy conversion. The originality
pertains to the research method, its application in marine transport, research conditions and the
approach to the diagnostic evaluation. The incorporation of the actual operating conditions of the
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object [3-9] and new variables of the fuel injection process (injector design, fuel feed conditions,
reception of the measurement signal from the injector and the cylinder wall and injector wear)
only add to the originality of the authors’ approach to the study on the research problem
supplemented by the application of vibroacoustic signal in this type of analyses.

2. Description of the research object, measurement systems and conditions

The paper presents scientific research concerning the course of the main processes from the
point of view of environmental diagnostics. The measurements were conducted under stationary
conditions on the engine test stand designed for 4-stroke diesel marine engine (Table 1).

Table 1. Cross-section and technical data of the SULZER 6AL 20/24 engine [1]

Engine cross-section Type of parameter Parameter value

== Engine type Inline, CI
Number of cylinders 6
Charging system Turbo
Cylinder bore/stroke [mm] 200/240
Displacement [cm’] 7540
Compression ratio [-] 12.7
Mean piston velocity [m/s] 6
Rated effective power [kW/1 cyl.] for 750 rpm 72
Mean effective pressure [MPa] 1.52
Fuel injection pressure [MPa] 24.5
Combustion pressure [MPa] 11
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Fig. 1. a) The functional diagram of the measurement test stand and b) the location
of the accelerometers and c¢) microphones in the research object

The measurement points, their location and engine operating conditions were selected
according to the following regulations for marine applications [1, 10, 11]: IMO A.468 (XII)
(Directive 2003/10/WE), ISO 2923:2001 International Standard and Polish Standard
PN-W-01350-1 to PN-W-01350-7:1996. The vibration acceleration measurement points were
located on the engine heads (Fig. 1). The points were selected according to the principle that the
sensor should be placed closest to the point where the tested process-related vibration signal is
generated. The measurement signals obtained from the accelerometers (Bruel & Kjar 4384 and
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4391) and microphones (Bruel & Kjar 4189 A-021) were fed to the amplifiers, in which they were
amplified and normalized. They were fed to analog inputs of the data acquisition card. The
recording of the vibroacoustic parameters was performed with the use of the Bruel & Kjer PULSE
3560 measurement set [1, 12]. The technical specifications of the measurement set and the
vibroacoustic transducers are described in [1].

The research utilizing vibration and acoustic methods was performed as active experiment,
meaning a deliberate modification of the input parameters and observation of their impact on the
output parameters [ 1, 12-15]. The measurements were conducted for different values of the engine
speed and torque, according to the following operational characteristics: y; = f(N,) — propeller
screw characteristics; y, = f(n, M, = const) — speed characteristics under constant torque;
vys = f(M,,n = const) — load characteristics.

The following main diagnostic parameters were taken into consideration in the signal analyses
[1]: the parameters of the main processes (fuel injection p;,; and cylinder p. pressure, fuel
consumption G,, g, and overall efficiency 7) and the parameters of the vibroacoustic processes
(acoustic pressure L, and vibration accelerations a;). The cylinder pressure, fuel injection
pressure, acoustic pressure, vibration accelerations and other engine parameters were measured
simultaneously on a continuous basis. The constant value of the engine coolant temperature was
maintained for all stationary engine operating conditions. Numbers and ranges of engine speeds
and torques were selected from the effective area of operating parameters. The following engine
speeds [rpm] were selected: 400 (idle run), 450, 500, 550, 600, 650, 700, 750. The effective power
values N /Ne nominar [Y0] were: 0.1; 0.25; 0.5; 0.75; 1.0; and the maximum torque for the full
power characteristics (/N omina = 0.53; 0.6; 0.67; 0.73; 0.8; 0.87; 0.93; 1.0 [1].

The analysis of the operating conditions considered in the research process has confirmed the
optimum ranges of the engine operational characteristics in terms of best specific fuel
consumption: 223-458 g/kW-h (for propeller screw characteristics), 230-594 g/kW-h (load
characteristics) and 314-394 g/kW-h (partial power characteristics). The above values are equal
to the conditions of engine operation of the overall efficiency range of 18-37 % [1].

3. Assessment of measurement results

The observation of the values of mean indicated pressure of the research object for each
cylinder and for specified engine speeds indicated stable conditions of the engine working cycles
in terms of diagnostic accuracy and repeatability of selected processes as well as their estimators
for further calculations (Fig. 2).
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Fig. 2. Differences of mean indicated pressure between engine cylinders
for selected engine speed and brake horse power Ny, = 270 kW

When the engine effective power rises the equivalent sound pressure values also increase
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(Fig. 3). Comparing the differences obtained for the engine speed and those for the engine torque,
a greater dynamic change of the above-mentioned sound parameter was observed when the engine
speed increased rather than when the torque estimator increased (10 dB for engine speed and 2 dB
for torque estimator), which is why the first of the mentioned parameters is more sensitive to
acoustic energy changes as a result of the intensity of the main process energy conversion. When
an anomaly occurs during normal engine operation (element or assembly malfunctions or negative
changes in the course of the process), the observation of the acoustic point estimators changes for
constant speed and in some cases might give more stable and accurate results related to the
machine technical condition.
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Fig. 3. Functional relation between the equivalent value of the sound pressure level
with the A correction and effective power for the engine operating conditions defined
by propeller screw and load a) and partial power b) characteristics
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In the next step of the analyses, the vibration accelerations were used to determine the
environmental impact of a marine diesel engine according to the criteria of proper combustion
process and identification of the changes of the optimum values of the overall efficiency and
exhaust emissions. Simple vibration point estimators were selected: root mean square (RMS)
value ug,, peak value ug, and peak-to-peak value u,,,s;, whose definitions are presented as
follows [1, 6]:

1 T 1/2
Usp = usk(e) = [?f uz(t, H)dt] , (1)
0
U, = U, (0) = E h@?ﬁ%lu(t 9)'}; 2
Upozst = Urozst(0) = |Umax — Uminl, (3)

where: E{ } — operator of the mean value after possible peak values of the signal, t — dynamic
period, 6 — object life cycle, T — signal period, u — instantaneous signal value.

There is no doubt that the courses of each of the main processes are impactful on the fuel
energy transfer (combustion process) and the quality of its conversion into mechanical work. If,
for example, two time courses of the injection representation of the injection process in the
vibration acceleration signal are recorded at the highest intensity and are transformed in the time
and frequency domain with the help of Discrete Wavelet Transform [15], the change in the energy
will take place, when two injector assemblies of different technical condition (a new product and
a product with boundary operational ability) are compared (Fig. 4).

The applied wavelet analysis was used deliberately as it ensured simultaneous presentation of
the time and frequency related properties of the analyzed signal. As for the Fourier transform, the
change of domain from time to frequency results in a loss of information related to the time of the
frequency event. To this end the signal is subjected to approximation with elementary functions
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referred to as wavelets (continuous oscillating courses of even duration and spectrum). The
necessary condition, however, is that such functions are mutually orthogonal. This designation of
the analysis is decisive of the sought characteristics assigned to the course of the measurement
signal. If the signal is non-stationary, such a procedure is justified as the time resolution of the
transformation may change (depending on the wavelet frequency). The decomposition of the
signal includes the basic course and its details shifted in time of different width in the timeline.
Based on the calculated coefficients of compression and shifts in the timeline of all wavelets, a
function composed of two variables comprising the time-frequency characteristics of the signal
was built. We distinguish continuous wavelet transform (CWT) and discrete wavelet transform
(DWT). The CWT is similar to the short-term Fourier transform (the signal is divided into
segments using a time window being a wavelet function, subsequently subjected to the FFT
evaluation). The selection of the DWT evaluation was substantiated by the difficulties related to
the CWT analysis, particularly in terms of analytical solution for more sophisticated signals.
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Fig. 4. Wavelet transform representation of the vibration acceleration signal for a diesel engine fuel
injection for: a new injector a) and that with boundary operational ability (p;,; = 80 MPa, t;,; = 0.8 ms)

The shape of the time window distributed in a given area on the time-frequency platform plays
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a key role in the case of short-term Fourier transform. The product of the window width in the
time and frequency domain is a constant value for a given window. In the wavelet method, the
dimensions of the time-frequency window are a function of its position on the time-frequency
platform [15].

The observation of the state of knowledge in signal analyses clearly indicates that it is this
particular type of analysis that is the subject of research for scientists seeking more accurate
technical object condition diagnostic tools [3-9]. In the scientific works one can observe various
applications of the wavelet analysis, starting from engineering applications (roller bearings failure
identification in induction motors, inspection of selected parameters of an object, identification of
material failures, analysis of wear in kinematic pairs), medical (in cardiology for evaluation of the
heart rate variability) or in research on economic processes and their variability, to name only a
few. Also, in combustion engines one can observe scientific activity in terms of application of this
type of signal analysis for more accurate exploration of the parameter variability. The authors
[3-9] applied this tool in the evaluation of the variables of the process of fuel injection in a diesel
engine allowing for the structural and operational parameters as well as the injector wear while
the source of the diagnostic information was sought with vibroacoustic signal. The example results
of analyses presented in Fig. 4 required parameterization of the qualitative relations, which has
been described further in the paper.

The same influence is observed when we take into account the injection process conditions
(the value of the injection pressure and its quality connected with the injector design). When the
first of these characteristics is higher, one can observe quality and quantity changes in the course
of the process, which increases the vibration acceleration point estimators, calculated for each
time portion of the injection process (Fig. 5).
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Fig. 5. Relative change of selected vibration acceleration point estimators for diesel oil injection process
when the injection pressure increases and for different injectors (p;,; = 35 MPa, 90 MPa, t;,; = 0.7 ms)
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The analyses of time course of vibration accelerations for different engine operating conditions
(propeller screw, load and partial power characteristics) have confirmed that there are explicit
functional relations between the combustion process changes and the one-directional changes of
the vibration signal quality and quantity. The increase in the engine effective power resulted in a
higher amplitude in each working cycle and similar functional correlations between the said types
of estimators for the other cylinders. If there is any abnormality in the combustion process or if
misfire occurs, there exists a specified representation in the changes of the vibroacoustic amplitude
(Figs. 6-8).
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Fig. 6. Vibration accelerations time-history courses for cycles with the combustion process and with a
misfire for the SULZER 6AL 20/24 engine under the conditions of propeller screw characteristics
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Fig. 7. Vibration accelerations point measures for cycles with the combustion process
and with a misfire for cylinder 1 of the SULZER 6AL 20/24 engine under the
conditions of propeller screw characteristics and at N /N zngm. = 10

4. Proposition of combustion process diagnostics algorithm for maritime diesel engine
basing on vibration acceleration signal features

The algorithm is in fact a procedure leading to a solution of a problem, determining the

individual elementary actions that are to be performed. The underlying characteristics of the
algorithm are its correctness, explicitness, finiteness and time and memory efficiency. In the
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equations of state of a dynamic object we distinguish the following types of courses:

— Input u(t) = [u, (t), uy(t), ..., U, (t)] as an external impact on the object;

— Output y(t) = [y, (t), y,(t), ..., yo(t)] as the impact of the object on the environment;

— Coordinates of state x(t) = [x1 (), x2(t), ..., %, (t)], affecting the type of transformation of
input into output;

— Distortions d(t) = [d,(t), d,(t), ..., d,(t)], as unknown types of inputs;

—Damage f(t) = [f1(6), f2(D), ..., £(D)].
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Fig. 8. Vibration accelerations point measures for cycles with combustion process and
with a misfire for cylinder 1 of the SULZER 6AL 20/24 engine under the
conditions of propeller screw characteristics and at N, /N, znqm. = 50

The dynamic system is described by the equations of state and outputs:

x(t) = @lx(®),u(t), d(®), f ()], 4
y(@) = Px(@), u®), d(®), f(D)]. (6))

The state of the object is defined by a malfunction occurring suddenly or gradually, aging or
wear as well as other design or operational changes resulting in the change of object operation. In
the case of process diagnostics, the models refer to the evaluation of the functional relations among
the symptoms and damage or states of the process. The above malfunctions appear in the form of
changes in the values of the object outputs and the physical coefficients of equations of motion.
The algorithm must be based on the evaluation of the parameters of individual process changes.
Based on the course of the change of the process, the value of the feature of that variable is
determined by the following actions: process variable — calculation of a parameter — obtainment
of parameter value — evaluation of parameter value — obtainment of the diagnostic signal. In the
next stage, a parameterization and comparison of the obtained actual values with the reference
estimates (known for the correct state of the object or the course of the process) is performed.
Hence, the identification of the malfunction is possible, consisting in determination of the extent
of the malfunction and its variation in time and amplitude. For a given malfunction, a subset of
diagnostic signals related to this malfunction is determined. The detection-based evaluation of the
process abnormalities for analyses based on recognition of signals pertains to the reproduction of
the state of the object with reference areas within diagnostic signals (Fig. 9).

The algorithm of the evaluation of the injection process and combustion in the investigated
marine diesel engine covers the following procedures:

— intermittent or on-going diagnosis;

— measurement of selected physical quantities sensitive to the tested process changes in the
object;

— determination of a set of values of diagnostic parameters;

— comparative evaluation in the domain: diagnostic parameters—reference values separately
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for the injection and combustion process estimates in individual engine cylinders (referred to the
set work area);

— identification of the malfunction and its intensity;

— development of the matrices of states and their location and intensity;

— analysis of the source of malfunction of the analyzed dynamic processes;

— qualification of usability and non-usability of an object in relation to the process functionality
(three values);

— conclusion on the technical condition, impact of the malfunction on the structure and its
operational characteristics.
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Fig. 9. The algorithm of failures detection in injection and combustion processes runs
at research maritime diesel engine
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5. Conclusions

The presented studies concerning the operation of a marine diesel engine used in sea transport
applications indicate scientific problems of explicit and reliable evaluation of changes in the
machine processes in real time based on more complex non-stationary conditions in operation at
sea. The authors of the paper have shown that there is an additional tool for accurate diagnosis of
combustion engines used in such vessels that might be applied in diagnostics of the machine
technical condition, both for constant values of the engine effective power and under the
conditions forcing a change of parameters in time. Empirical research is a method of determining
the reliability of vibration and acoustic methods and their sensitivity to engine structural and
functional parameter changes with overall efficiency fluctuations, following different energy
transformations. Equivalent functional relations between the engine operational parameters and
the vibration and acoustic point estimators were defined and obtained from the recorded signals
and analytical assumptions. The advantage of such analyses is visible when one allows for the
dependence of the environment pollution, intensity of energy propagation, transport safety and
optimization of fuel energy consumption on the quality and correctness of dynamic processes
taking place in a machine under operation. The presented characteristics and reliable estimators
support the application of the method for such a diagnosis and enable determining the extent of
impact of marine engines on the global share in air pollution [17-21] and energy conversion
efficiency for marine vessels under real operating conditions for which malfunctions may occur
in normal working cycles. These analyses also constitute basic data for the ongoing process of
malfunction monitoring and the quantitative assessment of these malfunctions and their potential
impact on the surrounding systems and organisms.

Wavelet Transform representation of the vibration acceleration signal for a diesel engine fuel
injection, for a new injector and that with boundary operational ability, becomes the accurate
analytical tool for quality of the injection process run in such type of engines and different object
and environmental parameters. It is useful with parameterization of a process, done with the help
of process point estimators and their different functions. Vibration acceleration signal point
measures and their characteristics were more sensible for negative changes in combustion runs.
At the end of a paper, authors were built the algorithm of such faults detection, on the basis of the
specified diagnosis procedures application (sound and vibration parameters, analyses in domain
of: time, process values and DWT).

References

[1] Merkisz J., Waligorski M. Influence of operating parameters of maritime engine on its acoustic and
toxic emission characteristics. Combustion Engines, Vol. 162, Issue 3, 2015, p. 399-406.

[2] Burdzik R. Implementation of multidimensional identification of signal characteristics in the analysis
of vibration properties of an automotive vehicle’s floor panel. Eksploatacja i Niezawodno$¢ —
Maintenance and Reliability, Vol. 16, Issue 3, 2014, p. 439-445.

[3] Charchalis A. Complex measurement system for enhancement of capability for marine engines
diagnostics. TransNav: International Journal on Marine Navigation and Safety of Sea Transportation,
Vol. 7, Issue 3, 2013.

[4] Dabrowski Z., Zawisza M. The choice of vibroacoustic signal measures in mechanical fault diagnosis
of diesel engines. Solid State Phenomena, Vol. 236, 2015, p. 220-227.

[5] Figlus T., Li§¢ik S., Wilk A., Eazarz B. Condition monitoring of engine timing system by using
wavelet packet decomposition of an acoustic signal. Journal of Mechanical Science and Technology,
Vol. 28, Issue 5, 2014, p. 1663-1671.

[6] Figlus T., Wilk A. Application of a continuous wavelet transform for the diagnosing of excessive
valve clearance of the combustion engine. Solid State Phenomena, Vol. 236, 2015, p. 153-160.

[71 Komorska I. Adaptive model of engine vibration signal for diagnostics of mechanical defects.
Mechanics, Vol. 19, Issue 3, 2013.

[8] Puchalski A. A technique for the vibration signal analysis in vehicle diagnostics. Mechanical Systems
and Signal Processing, Vols. 56-57, 2015, p. 173-180.

1356 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716



1975. ANALYSIS OF VIBROACOUSTIC ESTIMATORS FOR A HEAVY-DUTY DIESEL ENGINE USED IN SEA TRANSPORT IN THE ASPECT OF DIAGNOSTICS

91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

17]

(18]

[19]

[20]

[21]

OF ITS ENVIRONMENTAL IMPACT. AGNIESZKA MERKISZ-GURANOWSKA, MAREK WALIGORSKI

Zhen D., Song Z., Shi Z., Gu F., Ball A. Combustion noise analysis for combustion and fuels
diagnosis of a compression ignition diesel engine operating with biodiesels. Combustion Science and
Technology, Vol. 187, Issue 12, 2015.

Cullinane K., Bergqvist R. Emission control areas and their impact on maritime transport.
Transportation Research Part D: Transport and Environment, Vol. 28, Issue 5, 2014, p. 1-5.

Heij Ch., Bijwaard G., Knapp S. Ship inspection strategies, effects on maritime safety and
environmental protection. Transportation Research Part D: Transport and Environment, Vol. 16,
Issues 1-1, 2011, p. 42-48.

www.bksv.com, 2016.

Merkisz J., Waligérski M. Strategy of the combustion process diagnosis in direct injection engines.
Modelling of Mechanical and Mechatronic Systems, Elsevier Procedia Engineering 2014.

Merkisz J., Waligorski M. The use of vibration parameters in the research of misfire events in CI
engines in the point of view of the OBD system appliance in diesel locomotives. 2007 SAE World
Congress and Exhibition, Detroit, 2007.

Shirazi F. A., Mahjoob M. J. Application of discrete wavelet transform (DWT) in combustion failure
detection of IC engines. 5th International Symposium of Image and Signal Processing and Analysis,
2007.

Cempel C., Tomaszewski F. Diagnostic of Machines. Interdepartment Scientific Centre of the Fixed
Assets Exploitation, 1992.

Jacyna M., Lewczuk K., Szczepanski E., Golebiowski P., Jachimowski R., Klodawski M., Pyza
D., Sivets 0., Wasiak M., Zak J., Jacyna-Golda I. Effectiveness of national transport system
according to costs of emission of pollutants. Safety and Reliability: Methodology and Applications,
2015, p. 559-567.

Jacyna M., Merkisz J. Proecological approach to modelling traffic organization in national transport
system. The Archives of Transport, Vol. 30, Issue 2, 2014, p. 31-41.

Jacyna M., Wasiak M., Lewczuk K., Klodawski M. Simulation model of transport system of Poland
as a tool for developing sustainable transport. The Archives of Transport, Vol. 31, Issue 3, 2014,
p. 23-35.

Jacyna-Golda L., Zak J., Golebiowski P. Models of traffic flow distribution for various scenarios of
the development of proecological transport system. The Archives of Transport, Vol. 32, Issue 4, 2014,
p. 17-28.

Merkisz-Guranowska A., Merkisz J., Kozak M., Jacyna M. Development of Sustainable Road
Transport System, in Urban Transport XIX — WIT Transactions on the Built Environment. WIT Press,
Southampton, 2013, p. 507-517.

Agnieszka Merkisz-Guranowska is a Professor and D.Sc. in the Faculty of Machines and
Transport at Poznan University of Technology. The core of her scientific activity is
selected aspects of modelling of proecological transport system, organization of recycling
network for means of transport, economy and strategies of companies of the transport and
automotive industries.

Marek Waligérski, D.Eng. is a Doctor in the Faculty of Machines and Transport at
Poznan University of Technology. The core of his scientific activity is machine design and
operation, combustion engines in particular. He focuses on primarily on their diagnostic
and ecological aspects connected with main processes run like the combustion process and
exhaust emissions evaluations. His research interests include combustion engines
. diagnostics with the use of main processes and vibroacoustic methods.

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. MAR 2016, VOL. 18, ISSUE 2. ISSN 1392-8716 1357




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


